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FOREWORD 

In  recent  years  scientists  in  many  disciplines  have  made  significant 
contributions  concerning  Verticillium  wilt  of  cotton.  The  diversity  of 
this  information  makes  collection  and  assimilation  by  an  individual 
difficult.  To  help  overcome  this  difficulty,  various  scientists  in  the 
former  Cotton  and  Cordage  Fibers  Research  Branch,  Plant  Science 
Research  Division,  Agricultural  Research  Service,  U.S.  Department  of 
Agriculture,  were  asked  to  prepare  a  presentation  on  various  phases 
of  Verticillium  wilt  for  a  workshop  conference.  This  conference  was 
held  from  August  30  to  September  1, 1971,  at  the  National  Cotton  Path- 
ology Research  Laboratory,  College  Station,  Tex.  An  open  invitation 
was  extended  to  all  interested  scientists  to  attend,  and  40  conferees  from 
various  research  locations  attended  the  conference.  The  research  scien- 
tists presenting  papers  were  selected  for  both  knowledge  of  the  sub- 
ject and  because  of  specific  research  interests.  Consequently,  these 
presentations  include  considerable  data  not  previously  published. 


C.  D.  Ranney,  Leader 

Cotton  Pathology  Investigations 

Agricultural  Research  Service 
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NOMENCLATURE  AND  PHYSIOLOGY 
OF  VERTICILLIUM  SPECIES, 
WITH  EMPHASIS  ON  THE  V.  ALBO-ATRUM 
VERSUS  V.  DAHLIAE  CONTROVERSY 

By  W.  C.  Schnathorst' 

SUMMARY 

The  taxonomy  of  several  species  in  the  genus      traspecific  anastomoses  and  the  consequences  of 

interspecific  crosses  between  nutritional  mu- 
tants of  the  above  species.  It  is  concluded  that 
V.  albo-atrum  is  the  valid  name  for  the  fungus 
described  by  Reinke  and  Berthold.  V.  dahliae  is 
the  valid  name  for  the  fungus  described  by  Kle- 
bahn  and  is  the  common  causal  agent  of  Verti- 
cillium  wilt  in  cotton. 


Verticillium  is  examined,  with  emphasis  on  the 
controversy  surrounding  the  vascular  pathogens 
Verticillium  albo-atrum  and  V.  dahliae.  New 
evidence  is  presented  from  studies  on  the  com- 
parative pathogenicity  and  serologic  relatedness 
of  V.  albo-atrum,  V.  dahliae,  V.  nigrescens,  V. 
nubilum,  and  V.  tricorpus.  Also  treated  are  in- 


INTRODUCTION 


In  many  respects  it  is  unfortunate  that  the 
first  description  of  Verticillium  albo-atrum 
Reinke  &  Berth.  (-4-43) 2  involved  a  form  of  the 
pathogen  that  occurs  in  potato  plants,  for  po- 
tatoes are  subject  to  wilt  caused  by  both  V.  albo- 
atrum  (the  dark  mycelial,  or  DM,  form)  and 
V.  dahliae  Kleb.  (also  referred  to  as  the  micro- 
sclerotial,  or  MS,  form  of  V.  albo-atrum) .  It  is 
also  unfortunate  that  Reinke  and  Berthold  ( 443 ) 
used  the  term  "sclerotia"  in  describing  the  rest- 
ing bodies  of  their  fungus  without  thoroughly 
illustrating  (fig.  1)  such  structures  (micro- 
sclerotia,  as  they  are  known  for  the  MS  form) 
in  their  original  paper.  In  essence,  researchers 
remain  uncertain  as  to  what  Reinke  and 
Berthold  drew.  This  uncertainty,  lasting  almost 
100  years,  is  a  major  source  of  misunderstand- 
ing concerning  the  taxonomy  of  V.  albo-atrum 
and  V.  dahliae. 

Since  a  number  of  plant  pathologists  in  the 
United  States  and  elsewhere  still  consider  both 


1  Research  plant  pathologist,  Fresno  Area,  Western 
Region,  Agricultural  Research  Service,  U.S.  Department 
of  Agriculture,  Department  of  Plant  Pathology,  Univer- 
sity of  California,  Davis,  Calif.  95616. 

2  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 


the  DM  and  MS  forms  as  one  species  (V.  albo- 
atrum)  ,  various  discussions  over  the  years  have 
concerned  this  taxonomic  problem.  It  has  been 
suggested  that  the  issue  be  resolved  by  consid- 
ering them  separate  species.  This  designation 
would  help  keep  the  literature  uniform  and  end 
the  recurrent  doubts  about  which  form  of  the 
fungus  a  particular  worker  was  studying.  Such 
an  arrangement  would  make  the  literature  uni- 
form, provided  everybody  agreed,  but  it  would 
not  resolve  the  scientific  controversy,  which  has 
endured  since  Klebahn's  paper  (300),  in  1913, 
over  their  differences.  If  the  utilitarian  appeal 
for  designating  them  as  separate  species  were 
supported  by  scientific  proof,  their  acceptance 
as  two  species  would  be  assured.  I  have  kept  an 
open  mind  on  the  subject  while  trying  to  develop 
evidence  one  way  or  the  other.  Consequently,  I 
have  used  the  name  "V.  albo-atrum"  in  some  of 
my  publications  (481,  489,  490)  but  have  dis- 
tinguished the  forms  by  referring  to  them  as  MS 
or  DM. 

Although  I  am  concerned  mainly  with  the  res- 
olution of  the  V.  albo-atrum  and  V.  dahliae 
question  in  this  paper,  I  also  consider  several 
other  species  of  Verticillium.  A  good  portion  of 
the  paper  summarizes  and  analyzes  literature  on 
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Figure  1. — Drawings  of  Verticillium  albo-atrum  by  Reinke  and  Berthold  (US),  showing  (1)  torulose  resting  my- 
celial (2)  a  cluster  of  cells  often  interpreted  as  a  germinating  microsclerotium;  (3)  a  germinating,  resting  my- 
celium; and  (4)  one-septate  conidia. 


the  taxonomy  of  Verticillium  spp.,  temperature 
relations,  geographic  distribution,  physiologic 
differences,  and  morphologic  differences.  Some 
of  the  information,  the  result  of  my  own  re- 
search, has  not  been  presented  in  detail  else- 
where. This  work  has  dealt  with  temperature  re- 
lations, the  pathogenicity  of  the  DM  and  MS 


forms  of  Verticillium  in  cotton  (Gossypium 
hirsutum  L.) ,  and  serologic  comparisons  of  sev- 
eral species.  I  have  attempted  to  demonstrate 
the  relatedness  of  Verticillium  spp.  by  producing 
biochemical  mutants  and  testing  for  repair  of 
mutations  through  anastomosis. 


THE  GENUS  VERTICILLIUM  [NEES]  WALLR. 


The  genus  Verticillium  was  established  in 
1816  by  Nees  von  Esenbeck  (396).  Wallroth 
(580)  validated  the  genus  in  1833.  In  1838  Corda 
(132)  formed  the  genus  Acrostalagmus  to  ac- 
commodate A.  cinnabarinus,  which  supposedly 
differed  from  Verticillium  by  forming  spores  in 
heads  at  the  tips  of  the  conidiophore.  Hoffman 
(257)  showed  in  1854  that  no  real  difference 
existed  in  the  manner  in  which  the  spores  of 
Acrostalagmus  and  Verticillium  are  produced 
or  in  the  way  in  which  they  unite  in  heads. 
Reinke  and  Berthold  (443),  in  1879,  isolated  a 
fungus  from  diseased  potato  plants  and,  agree- 
ing with  Hoffman's  viewpoint,  referred  the  or- 
ganism to  the  genus  Verticillium  and  named  it 
"V.  albo-atrum."  Saccardo  (463)  recognized 
more  than  40  species  of  Verticillium.  Even 
though  Reinke  and  Berthold  felt  that  the  genus 
Acrostalagmus  should  be  united  with  the  genus 
Verticillium,  Saccardo  retained  Corda's  original 
name,  Acrostalagmus.  In  1919  Pethybridge 
(419),  from  work  with  single-ascospore  cul- 
tures, claimed  that  Acrostalagmus  cinnabarinus 
was  the  conidial  state  of  Nectria  inventa.  No  one 
has  confirmed  his  work. 

Barron  (35)  listed  V.  lateritium  Berk,  as  the 
type  species  of  the  genus.  Verticillium  spp.  are 


common  in  soil,  one  of  the  most  common  being 
the  conidial  state  of  N.  inventa.  This  fungus  has 
been  referred  to  as  Acrostalagmus  cinnabarinus, 
V.  cinnabarinum,  and  V.  lateritium.  Barron 
stated  that  the  occurrence  of  the  pathogen  V. 
albo-atrum  in  soil  is  infrequently  recorded,  al- 
though it  is  probably  common  there,  because  it 
seems  to  require  special  techniques  for  recovery. 
The  aleuriospore  genera  Mycogone,  Sepedonium, 
and  Diheterospora  may  have  phialospore  states 
of  the  Verticillium  type.  Gilman  (206)  lists  nine 
species  of  Verticillium. 

One  of  the  best  known  taxonomic  controver- 
sies involving  pathogenic  plant  fungi  began  with 
Klebahn's  publication  (300)  in  1913,  in  which 
a  fungus  from  diseased  dahlia  plants  was  named 
Verticillium  dahliae.  He  concluded  that  V.  dahl- 
iae  differed  from  Reinke  and  Berthold's  V.  albo- 
atrum  (443)  and  deserved  species  rank.  Van  der 
Lek  (321)  suggested  that  the  difference  between 
the  two  organisms  in  culture  is  only  slight. 
Nevertheless,  a  growing  number  of  workers  (68, 
273,  274,  279,  297,  337,  452,  517,  565,  610)  ac- 
cepted Klebahn's  designation. 

Klebahn  suggested  that  the  principal  differ- 
ence between  the  two  fungi  was  the  abundant 
production  of  microsclerotia  by  V.  dahliae  and 


their  absence  in  cultures  of  V.  albo-atrum.  Ru- 
dolph (460)  pointed  out,  however,  that  with  con- 
tinued cultivation  on  artificial  media,  micro- 
sclerotial  isolates  largely  lost  their  ability  to  pro- 
duce black  mycelia  and  sclerotia.  Chaudhuri 
(121),  Van  der  Lek  (321,  322) ,  and  Pethybridge 
(418)  have  reported  changes  in  V.  dahliae  cul- 
tured continuously  on  artificial  media.  Bewley 
(67)  noted  that  low  virulence  in  V.  dahliae  was 
associated  with  loss  in  the  ability  of  several  iso- 
lates to  produce  carbonized  hyphae  or  sclerotia. 

Presley  (426)  could  not  accept  specific  rank 
for  these  two  fungi  on  the  basis  of  some  of  the 
previously  mentioned  reports  and  because  of  his 
own  study  of  variants  derived  from  single  spores 
of  the  microsclerotial  form.  The  wide  variation 
in  appearance,  as  well  as  in  measurements  of 
various  structures  produced  by  the  fungus, 
forced  him  to  agree  with  Rudolph  (460)  in  re- 
gard to  the  taxonomy  of  the  genus  Verticillium 
and  to  suggest  that  most  of  the  forms  in  the 
genus  are  merely  variants  of  V.  albo-atrum  and 
should  be  designated  as  such.  On  the  basis  of 
microsclerotial  characters,  he  concluded  that  all 
forms  reported  by  Beyma  Thoe  Kingma  (68) 
were  essentially  represented  in  the  variety  of 
cultures  derived  from  a  single  spore.  He  also  felt 
that,  if  it  is  accepted  that  V.  albo-atrum  forms 
dark  mycelial  colonies  and  that  V.  dahliae  forms 
abundant  microsclerotia,  we  are  faced  with  the 
fact  that  both  of  these  types  are  obtainable  from 
a  monosporic  culture  of  the  microsclerotial  form. 
Presley  suggested  that  sectoring  and  uncon- 
scious selection  toward  a  "type"  in  successive 
transfers  of  the  organism  might  easily  produce 


the  cultural  changes  in  Verticillium  that  were 
reported  by  Chaudhuri  (121),  Van  der  Lek 
(322) ,  Pethybridge  (418),  and  Rudolph  (460). 

In  1949  Isaac  (273) ,  reporting  on  a  compara- 
tive study  of  a  large  range  of  isolates  of  Verti- 
cillium from  sainfoin,  hop,  and  other  hosts,  pre- 
sented evidence  that  three  distinct  and  constant 
fungus  identities  can  be  distinguished  by  morph- 
ologic, physiologic,  and  pathologic  criteria.  He 
suggested  that  his  dark  mycelial  isolate  was  the 
one  that  Reinke  and  Berthold  described.  He  fur- 
ther concluded  that,  whatever  rank  is  given  to 
the  microsclerotial  and  dark  mycelial  forms,  the 
differences  remain  constant  and  they  are  two 
distinct  organisms  or  groups  of  organisms.  He 
therefore  proposed  that  the  name  "V.  albo- 
atrum"  be  used  to  designate  the  dark  mycelial 
species  and  that  "V.  dahliae"  be  used  for  the 
microsclerotial  form  (273).  Many  researchers 
accepted  his  proposal,  yet  the  controversy  has 
continued. 

Other  means  of  resolving  the  controversy  have 
been  proposed  by  Fordyce  and  Green  (191),  in 
1964,  Smith  (517),  in  1965,  and  myself  (481), 
in  1969.  Fordyce  and  Green  studied  the  ability 
of  the  DM  and  MS  types  to  form  heterocaryons 
between  biochemically  marked  mutants;  Smith 
approached  the  problem  through  reexamination 
of  the  morphology  of  the  DM  and  MS  forms;  and 
I  proposed  a  three-pronged  approach  dealing 
with  serology,  repair  of  biochemical  mutants 
through  anastomosis,  and  the  ability  of  DM  and 
MS  forms,  as  well  as  of  V.  nigrescens  Pethybr., 
V.  nubilum  Pethybr.,  and  V.  tricorpus  Isaac,  to 
anastomose. 


EFFECT  OF  TEMPERATURE  ON  GROWTH  OF  SOME 

VERTICILLIUM  SPP. 


Rudolph  (460),  after  studying  temperature 
data  of  Chaudhuri  (121),  Bewley  (67),  Pethy- 
bridge (418),  and  Van  der  Meer  (565),  sug- 
gested that  the  strains  of  the  fungus  used  by  the 
first  two  workers  were  not  identical  with  those 
used  by  the  latter  two.  In  1949  Isaac  (273) 
studied  the  relationship  of  temperature  to 
growth  in  several  isolates  of  V.  dahliae  and  V. 
albo-atrum  and  one  isolate  of  V.  nigrescens.  The 
optimum  temperature  for  development  was  not 
found  to  differ  among  V.  dahliae,  V.  albo-atrum, 
and  their  variants.  Best  growth  occurred  at  22.5° 
C,  whereas  V.  nigrescens  had  optima  between 
22.5°  and  25°  C.  The  growth  of  V.  albo-atrum 


and  its  variants  declined  rapidly  above  25°  C, 
and  at  30°  C.  the  growth  consisted  only  of  small 
yeast  like  colonies.  In  contrast,  V.  dahliae  and 
its  variants  and  V.  nigrescens  grew  moderately 
well  at  30°  C.  V.  dahliae  and  V.  nigrescens  grew 
a  little  at  32.5°  C,  whereas  V.  albo-atrum  did  not. 
None  of  these  fungi  grew  at  35°  C.  The  minimum 
temperature  that  allowed  these  fungi  to  grow 
was  approximately  4.5°  C.  Later,  Isaac  (274) 
showed  that  V.  nubilum  and  V.  tricorpus  had  op- 
tima at  20°  and  22.5°  C,  differing  from  V.  dahl- 
iae and  V.  nigrescens,  but  resembling  V.  albo- 
atrum.  V.  tricorpus  differed  from  V.  albo-atrum 
and  V.  nubilum  and  resembled  V.  nigrescens  in 
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showing  nearly  normal  development  at  30°  C. 
V.  nubilum  and  V.  tricorpus  resembled  each 
other  by  growing  well  at  15°  C. 

I  have  also  studied  the  effect  of  temperature 
on  the  growth  of  V.  dahliae,  V.  albo-atrum,  V. 
nubilum,  V.  nigrescens,  and  V.  tricorpus.  Cul- 
tures of  each  fungus  were  inoculated  to  90-mm. 
plastic  petri  dishes  containing  potato  dextrose 
agar  (PDA)  and  allowed  to  grow  for  2  weeks. 
Uniform  plugs  of  the  fungi  were  removed  from 
the  edge  of  each  culture  with  a  cork  borer  5  mm. 
in  diameter  and  transferred  to  the  center  of 
petri  dishes  containing  PDA.  The  cultures  were 
incubated  in  the  dark  at  15°,  18°,  21°,  24°, 
27°,  and  30°  C.  Three  plates  of  each  fungus  at 
each  temperature  were  used.  Several  experi- 
ments were  performed.  The  growth  of  these  cul- 
tures after  19  days  is  plotted  in  figure  2.  The 
results  with  all  five  of  the  fungi  were  very  simi- 
lar to  the  results  of  Isaac  (273,  274). 

It  is  apparent  that  the  species  of  Verticillium 
in  this  and  other  studies  differ  markedly  from 
each  other  in  growth  at  various  temperatures. 
The  growth  curves  obtained  for  V.  albo-atrum 
and  V.  nubilum  are  distinct  enough  that  they 
could  be  useful  by  themselves  in  differentiating 
these  species. 

EFFECTS  OF  TEMPERATURE 
V.  ALBO-ATRUM 

In  1920  Edson  and  Shapovalov  (162)  sug- 
gested that  there  were  two  strains  of  the  Verti- 
cillium wilt  fungus  in  potato,  one  in  the  North- 
ern United  States  and  the  other  in  the  South. 
The  southern  strain  formed  microsclerotia  in 
culture  and  grew  moderately  at  30°  C.  In  con- 
trast, the  northern  strain,  which  was  either  a 
dark  mycelial  form  or  a  poor  producer  of  micro- 
sclerotia, did  not  grow  at  30°  C;  growth  was 
favored  by  lower  temperatures.  In  1922  Bewley 
(67),  referring  to  the  poor  progress  of  wilt  in 
tomato  during  June,  July,  and  August,  suggested 
control  by  raising  temperatures  in  the  tomato 
house  above  15°  C.  Williams  (610)  later  pre- 
sented evidence  that  warm,  moist  conditions 
stopped  infection  of  tomato  by  V.  albo-atrum, 
but  had  less  effect  on  infection  by  V.  dahliae. 
Low  temperatures  enhanced  infection  of  cucum- 
bers by  V.  albo-atrum.  Ludbrook  (337)  differ- 
entiated between  V.  albo-atrum  and  V.  dahliae 
in  eggplant  and  reported  that  the  MS  form 


V  dahliae 
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TEMPERATURE  (°C) 

Figure  2. — Effect  of  temperature  on  growth  of  five 
species  of  Verticillium. 

ON  THE  PATHOGENICITY  OF 
AND  V.  DAHLIAE 

caused  wilt  symptoms  at  soil  temperatures  of 
12°  to  30°  C,  but  not  at  32°  C,  whereas  the  DM 
type  caused  disease  at  28°  C.  and  below,  but  not 
at  30°  C. 

Isaac  (273)  reported  that  V.  dahliae  was  path- 
ogenic on  sanifoin  at  temperatures  as  high  as 
27°  C,  the  maximum  that  the  host  would  toler- 
ate. Tomatoes  inoculated  with  V.  dahliae  be- 
came diseased  at  25°,  27°,  and  29°  C,  whereas 
disease  in  tomatoes  inoculated  with  V.  albo- 
atrum  was  inhibited  by  mean  temperatures 
higher  than  21.5°  C. 

Although,  as  shown  later  in  this  paper,  both 
V.  albo-atrum  and  V.  dahliae  are  pathogenic  in 
cotton  (G.  hirsutum)  in  controlled  greenhouse 
inoculation  tests,  only  the  latter  has  been  iso- 
lated, to  my  knowledge,  from  cotton  plants  in 
the  cotton-growing  States  of  the  United  States. 
In  contrast,  both  forms  have  been  found  in  po- 
tato, hop,  and  other  plants  in  Oregon  and  other 
States  that  lie  north  of  the  latitudinal  center  of 


4 


the  United  States.  Hence,  V.  dahliae  predomi- 
nates in  areas  of  the  United  States  with  relative- 
ly high  mean  temperatures,  whereas  in  cooler 
areas  both  V.  dahliae  and  V.  albo-atrum  can  oc- 


cur on  different  or  on  the  same  plant  species.  Re- 
sponse to  temperature  likely  explains  the  distri- 
bution of  these  two  forms  of  V  erticillium  in  the 
United  States  and  probably  in  the  world. 


EFFECT  OF  pH  OF  MEDIA  ON  GROWTH  OF 
VERTICILLIUM  SPP. 


Isaac  {27 h)  studied  the  effect  of  pH  on  the 
growth  of  V.  albo-atrum,  V.  dahliae,  V.  nigres- 
cens,  V.  nub  Hum,  and  V.  tricorpus.  All  these 
fungi  rapidly  produced  high  alkalinity  (pH  8.6- 
9.0)  when  grown  on  Dox's  (initial  pH  5.3)  or 
potato-extract  (initial  pH  6.4)  agar.  V.  nubilum 
utilized  nitrogen  of  both  the  ammonium  and  ni- 
trate ions  and  showed  no  marked  preference  for 
either.  Although  the  other  four  species  can  ab- 
sorb either  ion,  they  showed  a  marked  prefer- 
ence for  the  ammonium  ion  and  rendered  the 
medium  acidic  to  the  point  of  inhibiting  growth. 

At  pH's  where  growth  occurs,  morphology  is 
normal  in  the  foregoing  species  except  in  V.  tri- 


corpus, which  develops  a  yeastlike  form  at  pH 
3.6.  By  using  potato-dextrose  and  modified  Dox's 
media  buffered  with  sodium  and  potassium  phos- 
phate to  prevent  pH  changes,  Isaac  {27 '4)  found 
that  V.  nubilum  and  V.  tricorpus  grew  optimally 
at  pH  7.2  and  pH  7.2  to  8.0,  respectively,  differ- 
ing from  V.  dahliae  and  V.  nigrescens  (optimum 
growth  between  pH  5.3  and  7.2)  and  from  V. 
albo-atrum  (optimum  growth  between  pH  8.0 
and  8.6).  All  species  failed  to  grow  at  pH  3.0. 
As  with  temperature,  therefore,  pH  relation- 
ships offer  some  apparent  diagnostic  differences 
among  these  species. 


EFFECT  OF  CARBON  SOURCE  ON  GROWTH  OF 
VERTICILLIUM  SPP. 


Growth  comparisons  of  the  five  species  were 
also  made  by  Isaac  {27 U) ,  who  replaced  the  nor- 
mal 1.5%  sucrose  in  Dox's  medium  with  1.0%, 
3.0%,  or  5.0%  sucrose,  dextrose,  maltose,  or 
glycerine.  V.  nubilum  and  V.  nigrescens  showed 
maximum  growth  on  dextrose  and  sucrose, 
whereas  V.  albo-atrum  developed  poorly.  V. 
nigrescens,  unlike  V.  nubilum,  produced  chlamy- 


dospores  profusely  on  all  media.  V.  tricorpus  and 
V.  dahliae  differed  from  the  other  three  species 
by  developing  well  on  all  media,  although  growth 
of  V.  dahliae  was  suppressed  when  the  glycerine 
concentration  increased.  Isaac  concluded  that  V. 
nubilum  and  V.  tricorpus  are  physiologically  dif- 
ferent from  all  the  other  species  and  from  each 
other  in  carbon  utilization. 


EFFECT  OF  NITROGEN  SOURCE  ON  GROWTH  OF 

VERTICILLIUM  SPP. 


Isaac  {27U)  also  compared  the  effect  of  vari- 
ous nitrogen  sources  on  the  growth  of  the  five 
V erticillium  species.  All  species  were  grown  on 
modified  Dox's  medium  in  which  the  normal 
0.2%  sodium  nitrate  was  replaced  by  0.1%, 
0.5%,  or  1.0%  asparagine,  peptone,  sodium  ni- 
trate, ammonium  sulfate,  or  ammonium  nitrate. 
All  five  species  grew  best  on  strongly  buf- 
fered ammonium  sulfate  medium.  Increasing  the 
concentrations  of  asparagine  slowed  growth, 
though  only  slightly  in  V.  nigrescens.  Increasing 
the  concentrations  of  peptone  slowed  the  growth 


of  V.  tricorpus  and  V.  nubilum,  but  increased 
the  growth  of  the  other  three  species.  Increasing 
the  sodium  nitrate  had  no  appreciable  effect  on 
V.  albo-atrum,  V.  nubilum,  or  V.  tricorpus,  but 
increased  the  growth  of  V.  dahliae  and  V.  nigres- 
cens. Ammonium  nitrate  medium  was  not  con- 
ducive to  the  growth  of  V.  albo-atrum,  V.  dahliae, 
V.  nigrescens,  or  V.  tricorpus,  although  V.  nubi- 
lum did  grow  on  this  medium.  As  with  other 
physiological  comparisons,  the  response  to  ni- 
trogen source  indicates  significant  physiological 
differences  among  the  species. 
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HOST  RANGE  AND  COMPARATIVE  PATHOGENICITY  OF 

VERTICILLIUM  SPP. 


Isaac  (273,  27 h)  compared  the  pathogenicity 
of  five  Verticillium  spp.  V.  albo-atrum  and  V. 
dahliae  were  inoculated  to  sainfoin,  antirrhi- 
num, cucumber,  lucerne  (alfalfa),  tomato,  egg- 
plant, strawberry,  potato,  chrysanthemum,  hop, 
and  salsify.  The  results  were  positive  with  all 
plant  species  except  lucerne,  and  no  differences 
were  found  in  symptoms  and  rate  of  wilt  de- 
velopment between  MS  and  DM  forms  in  an- 
tirrhinum, cucumber,  and  chrysanthemum.  Iso- 
lates of  V.  albo-atrum  induced  symptoms  sooner 
than  did  V.  dahliae  in  salsify,  eggplant,  tomato, 
strawberry,  potato,  and  hop,  whereas  symptoms 
were  similar  in  the  other  host  plants.  All  isolates 
of  V.  albo-atrum  and  V.  dahliae  from  hop  were 
pathogenic  to  sainfoin.  V.  albo-atrum  from  cu- 
cumber and  tomato,  however,  failed  to  induce 
wilt  in  sainfoin. 

Isolates  of  V.  nigrescens  were  also  inoculated 
to  the  same  plants.  They  were  not  pathogenic  on 
sainfoin,  strawberry,  or  cucumber,  and  wilt  de- 


velopment on  the  other  plants  was  slower  than 
that  induced  by  V.  albo-atrum  and  V.  dahliae. 
The  pathogenicity  of  V.  nubilum  and  V.  tricor- 
pus  was  also  tested  on  the  same  plants,  plus 
lupin,  tobacco,  and  carnation. 

V.  nubilum  was  pathogenic  only  to  tomato  and 
potato,  and  V.  tricorpus,  only  to  tomato.  Addi- 
tional infection  tests  were  made  with  V.  albo- 
atrum,  V.  dahliae,  and  V.  nigrescens  on  lupin,  to- 
bacco, and  carnation.  V.  albo-atrum  and  V.  dahl- 
iae were  pathogenic  to  lupin  and  tobacco,  but  not 
to  carnation,  and  V.  nigrescens  failed  to  induce 
wilt  in  any  of  these  plant  species.  Isaac  concluded 
that  V.  nubilum  and  V.  tricorpus  were  pathogen- 
ic to  a  narrow  range  of  host  plants  and  that  ex- 
ternal symptoms  were  apparent  only  after  an 
extended  period,  indicating  that  each  is  a  weaker 
pathogen  than  any  of  the  other  three  Verticil- 
Hum  spp.  studied.  The  major  differences  among 
the  five  species  are  summarized  in  table  1. 


Table  1. — Physiological  differences  among  five  pathogenic  species  of  Verticillium1 


Factor 

V.  dahliae 

V.  albo-atrum 

V.  nigrescens 

V.  nubilum 

V.  tricorpus 

Optimum  growth  temperature,  °  C. 

22.5 

20.0-22.5 

22.5-25.0 

20.0-22.5 

20.0-22.5 

Growth  at  30°  C.2   

-  +  + 

+  + 

+ 

Optimum  pH  for  growth    

5.3-7.2 

8.0-8.6 

5.3-7.2 

7.2-8.6 

7.2-8.0 

Growth  at  pH  3.62  

-   +  + 

+ 

+  +  + 

+  (yeasty) 

Growth  in  ammonium  nitrate  2  

+  + 

Best  carbon  source  _    . 

Sucrose, 

Glycerine 

Sucrose, 

Sucrose, 

Sucrose, 

dextrose. 

dextrose. 

dextrose. 

dextrose, 

maltose, 

glycerine. 

Effect  of  increasing  peptone  _.  — 

Stimulatory 

Stimulatory 

Stimulatory  _. 

Suppressive 

Suppressive. 

Host  range      ___  

...  Wide  .  

Wide  -   

Fairly  wide 

Tomato, 

Tomato  only. 

potato  only. 

1  Adapted  from  Isaac  (274). 

2  Degree  of  growth  rated  on  a  scale  of  —  to  +  +  +  +  (no  growth  to  excellent  growth). 


COMPARATIVE  PATHOGENICITY  OF  VERTICILLIUM  SPP. 

IN  COTTON  (G.  HIRSUTUM) 


I  conducted  comparative  pathogenicity  experi- 
ments in  the  greenhouse  on  the  'Deltapine  15' 
cultivar  of  G.  hirsutum.  The  Verticillium  spp. 
were  V.  albo-atrum,  V.  dahliae,  V.  nubilum,  V. 
nigrescens,  and  V.  tricorpus.  This  cultivar  was 
chosen  because  of  its  high  susceptibility  to  all 
major  strains  of  V.  dahliae  found  in  the  United 
States  where  Verticillium  wilt  occurs  in  cotton. 


It  was  likely,  therefore,  that  the  pathogenic  po- 
tential of  the  five  Verticillium  spp.  in  cotton 
would  be  determined  best  in  this  cultivar  or  in 
cultivars  of  similar  susceptibility.  Each  fungus 
species  was  maintained  on  PDA  slants  as  a  wild- 
type  culture  (one  that  produces  all  of  the  major 
morphological  traits  characteristic  of  the  species 
in  culture  isolated  from  naturally  infected 
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plants).  Conidial  suspensions  were  made  from 
6-day-old  cultures  of  each  species  with  sterile, 
glass-distilled  water,  and  0.5  ml.  of  the  suspen- 
sion was  distributed  over  the  surface  of  larger 
PDA  slants  to  produce  a  uniform  lawn  of 
growth.  After  5  to  6  days  of  incubation  at  25°  C. 
another  heavy  conidial  suspension  was  prepared 
from  these  slants  in  10  ml.  of  sterile,  glass-dis- 
tilled water  and  diluted  to  produce  approximate- 
ly 6X10°  viable  conidia/ml.  as  determined  with 
a  Klett  or  Bausch  and  Lomb  Spectronic  20  color- 
imeter. Approximately  9  ml.  of  conidial  suspen- 
sion of  each  species  was  inoculated  separately 
with  an  aerosol  spray  kit  (Nutritional  Biochemi- 
cals)  to  the  root  ball  of  five  6-week-old  cotton 
plants  growing  in  a  greenhouse-mix  soil  in  4- 
inch  plastic  pots.  The  controls  were  five  plants 
treated  with  sterile,  glass-distilled  water  without 
fungus.  All  plants  were  held  at  23°  to  26°  C.  in  a 
greenhouse.  Observations  for  symptoms  were 
begun  2  weeks  after  inoculation. 

The  results  are  summarized  in  table  2.  The 
SS4  strain  of  V.  dahliae  from  cotton,  typical  of 
nondefoliating  cotton  isolates  (4-89,  490) ,  caused 
typical  severe-to-lethal  symptoms  in  'Deltapine 
15'.  V.  albo-atrum  also  caused  similar  leaf  symp- 
toms, vascular  discoloration,  and  stunting.  No 
foliar  symptoms  resulted  from  inoculations  with 
V.  nubilum,  though  slight-to-moderate  vascular 
discoloration  was  observed  when  plants  were  cut 
2  months  after  inoculation.  V.  nigrescens  and  V. 
tricorpus  did  not  induce  foliar  or  vascular  symp- 
toms. V.  albo-atrum  and  V.  dahliae  were  easily 


Table  2. — Comparative  virulence  of  five  species 
of  Verticillium  in  'Deltapine  15'  cotton,  with 
their  corresponding  serological  titers  against 
antiserum  of  the  SS4  strain  of  Verticillium 
dahliae 


Virulence  Serological 


V.  dahliae  .  +  +  +  +  31, 600-3,200 

V.  albo-atrum  +  +  +  +  1,600-3,200 

V.  nubilam  +  100-800 

V.  tricorpus  —  10 

V.  nigrescens  —  0 


1  Virulence  was  rated  on  a  scale  of  —  to  +  +  +  + 
(from  no  foliar  or  vascular  symptoms  to  severe-to-lethal 
reaction) . 

2  Figures  are  the  reciprocals  of  the  greatest  dilution 
at  which  positive  agglutination  was  observed  with 
conidia  used  as  antigens. 

3  Titer  is  that  observed  in  the  homologous  reaction  V. 
dahliae  X  V.  dahliae. 


recovered  from  diseased  cotton  tissues  on  water- 
agar  plates;  the  other  three  species  were  not  re- 
covered. Additional  inoculations  with  V.  nub- 
ilum and  V.  albo-atrum  had  similar  results. 

It  is  apparent  that  V.  albo-atrum  and  V.  dahl- 
iae are  similar  in  pathogenic  affinities  in  cotton, 
whereas  the  other  three  species  are  not  patho- 
genic or  only  slightly  so.  These  results  are  in 
many  ways  similar  to  those  obtained  by  Isaac 
(273,  27U)  in  tests  with  a  wide  range  of  other 
plant  species. 


COMPARATIVE  VIRULENCE  IN  COTTON  PLANTS  OF 
SEVERAL  ISOLATES  OF  V.  ALBO-ATRUM  AND  V.  DAHLIAE 


To  determine  the  degree  of  pathogenic  simil- 
arity between  V.  albo-atrum  and  V.  dahliae,  sev- 
eral isolates  from  various  geographical  sources 
and  hosts  were  compared  in  the  susceptible  'Del- 
tapine 15'  and  tolerant  'Acala  4-42-77'  cotton 
cultivars.  The  pathogens  tested  were  three  iso- 
lates of  V.  albo-atrum  from  diseased  potato  and 
hop  plants  in  Oregon  and  England  and  five  iso- 
lates of  V.  dahliae  from  mint,  hop,  potato,  and 
cotton  from  Indiana,  Oregon,  and  California. 
The  methods  of  producing  inoculum,  the  conidial 
concentrations,  the  method  of  inoculation,  the 
greenhouse  conditions,  and  the  age  and  manner 
of  growing  the  plants  were  those  used  in  the  ex- 
periments with  Verticillium  spp.,  covered  in  the 


preceding  section.  Three  plants  of  each  cultivar 
were  inoculated  with  each  isolate.  Control  plants 
were  included  for  each  cultivar. 

The  results  of  these  tests  are  presented  in  ta- 
ble 3  and  figures  3  and  4.  All  isolates  of  both 
forms  of  Verticillium  were  pathogenic  in  'Delta- 
pine 15'.  The  Oregon  isolate  of  V.  albo-atrum 
from  potato  and  the  mint  isolate  of  V.  dahliae 
from  Indiana  were  weakly  virulent,  and  recov- 
ery of  the  fungi  from  diseased  tissue  was  diffi- 
cult. The  other  isolates  were  very  pathogenic  in 
'Deltapine  15'  cotton;  most  of  them  consistently 
caused  lethal  reactions.  V.  albo-atrum  from  hop 
in  Oregon  and  V.  dahliae  from  mint  in  Oregon 
caused  only  moderate-to-severe  wilt  symptoms 
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Table  3. — Comparative  virulence  of  Verticillium  albo-atrum  and  V.  dahliae 
from  various  hosts  and  locations  in  'Deltapine  15'  and  'Acala  4-24-77' 
cotton  cultivars 


Species 

H  nil  v  r*c* 

Virulence 

on1 — 

Host 

Location 

'Deltapine  15'    'Acala  4-42-77' 

V.  albo-atrum __ 

Potato 

Oregon 

.  + 

— 

V.  dahliae   

.....do......  . 

do 

-    +  +  +  + 

+  +  + 

V.  dahliae 

Mint 

do 

~   +  +  + 

+  +  + 

V.  dahliae  

 do......  

Indiana  

-  + 

+ 

V.  albo-atrum  ._ 

.  Hop  

Oregon  

-   +  +  +  + 

+  +  + 

V.  dahliae   

.  Hop  

.  do  

+  +  +  + 

+  +  + 

V.  albo-atrum 

.  Hop   

England  

-   ++.+  + 

+  +  +  + 

V.  dahliae  

.  Cotton  (SS4  strain) 

California... 

+  +  +  + 

+  + 

1  Virulence  rating  on  a  scale  of  —  to  +  +  +  +  (from  no  vascular  discoloration  or 
foliar  symptoms  to  severe,  often  lethal,  disease) . 


Figure  3. — Comparative  virulence  in  'Deltapine  15'  cotton  plants  of  several  isolates  of  Verticillium  dahliae  from 
various  hosts  and  locations.  Left  to  right:  Mint  isolate  from  Oregon,  mint  isolate  from  Indiana,  hop  isolate  from 
Oregon,  potato  isolate  from  Oregon,  and  cotton  isolate  (SS4  strain)  from  California. 


without  lethality.  The  latter  two  isolates  were 
easily  recovered  from  diseased  tissue  plated  on 
water  agar. 

'Acala  4-42-77',  which  is  tolerant  to  the  SS4 
strain  of  V.  dahliae  from  cotton,  was  generally 
tolerant  of  the  other  isolates  used  in  this  test. 
Only  V.  albo-atrum  from  potato  in  Oregon  failed 
to  cause  foliar  or  vascular  symptoms,  and  that 
fungus  was  not  recovered  from  stem  tissues  in 
several  isolation  attempts.  Moderate  symptoms 
resulted  from  the  other  isolates  except  V.  albo- 
atrum  from  hop  in  England,  which  caused  se- 


vere, but  not  lethal,  symptoms  and  appeared  to 
be  more  virulent  than  the  SS4  strain,  common  in 
cotton  in  the  United  States. 

This  experiment  demonstrated  that  most  iso- 
lates of  V.  albo-atrum  and  V.  dahliae  are  aggres- 
sive pathogens  in  G.  hirsutum  and  therefore 
must  be  very  closely  related  physiologically. 
Somewhat  surprising  was  the  degree  of  viru- 
lence demonstrated  by  the  hop  isolate  of  V.  albo- 
atrum  from  England  in  'Acala  4-42-77'.  The  re- 
action of  the  susceptible  'Deltapine  15'  and  toler- 
ant 'Acala  4-42-77'  varieties  was  similar  (table 
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Figure  4. — Virulence  in  'Deltapine  15'  cotton  plants  of  three  isolates  of  V erticillium  albo-atrum  from  various  hosts 
and  locations  compared  with  the  virulence  of  a  common  isolate  of  V.  dahliae  from  cotton.  Left  to  right:  Potato 
isolate  of  V.  albo-atrum  from  Oregon,  hop  isolate  of  V .  albo-atrum  from  England,  hop  isolate  of  V.  albo-atrum 
from  Oregon,  and  cotton  isolates  (SS4  strain)  of  V.  dahliae  from  California.  Note  the  severity  of  disease 
caused  by  hop  isolates  of  V.  albo-atrum. 


3) .  This  finding  might  be  of  significance  in  stud- 
ies on  the  mechanism  of  resistance.  The  high 
virulence  of  V.  albo-atrum  in  cotton  is  of  interest 
also  from  the  standpoint  of  the  distribution  of 

SEROLOGICAL  RELATIONS 

Serology  has  not  been  used  extensively  in  de- 
termining taxonomic  relationships  among  plant 
pathogenic  fungi.  It  was  of  interest  here  to  de- 
termine the  relatedness  among  the  V 'erticillium 
spp.  referred  to  in  preceding  sections  of  this 
paper,  especially  the  relatedness  between  V. 
dahliae  and  V.  albo-atrum. 

The  preparation  of  antigens  and  immuniza- 
tion schedules  were  explored  with  three  isolates 
of  V.  dahliae  and  V.  albo-atrum.  Antigens  from 
mycelial  cultures  were  compared  with  antigens 
from  conidial  suspensions  obtained  from  PDA 
slant  cultures. 

Antigens  from  mycelia  were  obtained  from 
14-day-old  still  cultures  on  Czapek's  medium  by 
removing  three  mycelial  mats  of  each  isolate 
from  flasks  and  grinding  them  in  a  cold  buffer 
consisting  of  0.14  N  NaCl  and  0.05  M  KH=P04- 
K2HP04  at  pH  7.2.  Grinding  was  done  with  mor- 


pathogenic  V erticillium  spp.  I  know  of  no  report 
that  the  DM  form  of  Verticillium  has  been  iso- 
lated directly  from  cotton  grown  in  the  United 
States. 

AMONG  VERTICILLIUM  SPP. 

tar  and  pestle  at  10°  C,  facilitated  by  adding 
glass  beads  or  washed  quartz  sand.  The  antigens 
were  clarified  by  centrifugation  at  20,000  g  at 
5°  C,  dispensed  into  serum  bottles,  and  stored  at 
5°  C.  The  protein  concentrations  averaged  100 
/j.g./m\.  These  antigens  were  used  for  immuniza- 
tion, and  similarly  prepared  new  antigens  were 
used  in  agar-gel  diffusion  tests. 

Conidial  antigens  were  made  by  washing 
conidia  from  6-day-old  cultures  on  large  PDA 
slants  with  sterile,  glass-distilled  water  aided  by 
swirling  the  tubes  gently  on  a  vortex  mixer. 
Conidia  were  centrifuged  at  8,000  g  for  15  min., 
resuspended  in  sterile,  glass-distilled  water,  re- 
centrifuged,  and  finally  resuspended  in  0.05  M 
phosphate  buffer  with  0.14  N  NaCl  at  pH  7.2. 
The  concentration  of  conidia  was  adjusted  to 
approximately  6xl07/ml.  with  a  colorimeter, 
and  the  suspensions  were  placed  in  serum  bottles 
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and  stored  at  5°  C.  These  preparations  were  used 
for  immunization,  and  similar  ones  were  used 
later  in  agglutination  tests. 

Antigens  were  also  prepared  from  conidia  for 
use  in  agar-gel  diffusion  tests  against  antisera 
developed  against  conidial  antigens.  Conidial 
suspensions  were  prepared  as  above  in  phosphate 
buffer  with  NaCl  and  ground  for  1  min.  in  a 
Bronwill  mechanical  cell  homogenizer  with  20  g. 
of  beads  0.5  mm.  in  diameter.  The  extract  was 
centrifuged  at  20,000  g  at  5°  C.  for  30  min.,  and 
the  supernatant  antigen  (averaging  900  /xg.  of 
protein/ml.)  was  decanted  into  large  serum  bot- 
tles and  stored  at  5°  C. 

The  immunization  schedule,  using  young  fe- 
male New  Zealand  White  rabbits,  initially  in- 
volved injection  of  a  gradually  increasing  dose 
of  antigen  into  the  ear  veins  and  the  intraperi- 
toneal cavity.  A  0.25-ml.  intravenous  injection 
and  a  0.25-ml.  intraperitoneal  injection  were  fol- 
lowed by  intravenous  injections  increased  daily 
by  0.25  ml.  up  to  2.0  ml.  and  a  constant  daily  in- 
traperitoneal injection  of  0.5  ml.  The  first  se- 
ries of  intravenous  injections  thus  involved  10 
immunizing  doses  of  which  the  last  three  were 
2.0  ml.  Three  days  of  rest  was  followed  by  a  sen- 
sitizing intravenous  injection  of  2.0  ml.  and  an 
intraperitoneal  dose  of  0.5  ml.,  followed  by  an- 
other 2  to  3  days  of  rest.  Blood  was  taken  by 
cardiac  puncture  with  30-  or  50-ml.  syringes. 
Normal  sera  had  been  collected  by  cardiac  punc- 
ture from  each  rabbit. before  immunization. 

Blood  samples  were  delivered  into  50-ml.  cen- 
trifuge tubes  and  held  at  room  temperature  for 
at  least  1  hr.  Clots  were  loosened  with  a  fine 
wire,  and  the  samples  were  held  overnight  at  5° 
C.  Antisera  were  clarified  by  low-speed  centri- 
fugation  and  dispensed  into  5-ml.  serum  bottles 
and  frozen  at  —20°  C. 

Agar-gel  diffusion  tests  were  made  in  plastic 
90-mm.  petri  plates  containing  8  ml.  of  0.5% 
Ionagar  No.  2  (Colab)  containing  0.05  M  phos- 
phate buffer  at  pH  7.2  and  phenol  (as  a  preserv- 
ative) added  at  a  rate  of  0.2  ml.  of  80%  phenol/ 
500  ml.  of  agar.  Antigen  and  antisera  were  de- 
livered by  hypodermic  syringe  to  wells  cut  in  the 
agar,  and  the  precipitin  reactions  were  allowed 
to  develop  for  7  days  at  5°  C.  before  being  read. 
Additional  readings  were  made  after  2  to  3 
weeks  in  the  cold  since  bands  tended  to  intensify 
during  this  period. 

Agglutination  tests  were  made  with  antisera 


diluted  by  2  to  6,400.  One-half-ml.  amounts  of 
adjusted  conidial  suspensions  (antigens)  and 
antiserum  were  mixed  in  Kahn  tubes  and  in- 
cubated 2  hr.  at  36°  to  37°  C.  and  then  held  over- 
night at  5°  C.  The  reactions  were  rated  on  a 
scale  of  —  to  ++  +  +  (from  no  reaction  to  max- 
imum agglutination  for  the  series) . 

Initial  agar-gel  diffusion  tests  with  antigen 
and  antisera  made  from  mycelia  were  unsatis- 
factory because  of  the  low  titer  (about  200-400) 
of  the  antisera.3  Tests  in  which  antisera  were 
developed  against  conidial  suspensions  gave 
higher  titers  (approximately  800) ,  probably  be- 
cause of  the  higher  protein  concentration  of  anti- 
gens prepared  from  conidia. 

A  revised  immunization  procedure  was  used 
with  conidial  antigens  in  an  effort  to  increase 
the  titer  of  the  antisera.  The  previous  immuniza- 
tion schedule  was  used  except  that  the  intraperi- 
toneal injection  was  increased  to  1.0  ml.  daily 
and  no  sensitizing  dose  was  given  on  the  16th  or 
17th  day.  Instead,  1.0-ml.  intravenous  and  intra- 
peritoneal injections  were  given  weekly  for  5 
weeks,  followed  by  a  sensitizing  dose  and  blood 
taken  several  days  later.  The  resulting  titers  of 
the  antisera  ranged  from  1,600  to  3,200. 

Agar-gel  diffusion  tests  with  anticonidial  sera 
and  homogenized  conidial  antigen  resulted  in  the 
best  developed  precipitation  bands,  not  only  in 
clarity  and  intensity,  but  also  in  number.  One 
serum  made  against  the  SS4  strain  of  V.  dahliae 
was  particularly  outstanding  and  was  used  in 
tests  with  antigens  from  the  SS4  and  Tl  strains 
(489,  kdO)  of  V.  dahliae  from  cotton  and  V.  albo- 
atrum  from  hop.  It  was  also  tested  against  anti- 
gens from  V.  nubilum,  V.  tricorpus,  and  V.  ni- 
grescens  that  were  adjusted  to  approximately 
equal  protein  concentration. 

Some  results  of  the  agar-gel  tests  are  shown 
in  figure  5.  The  number  and  intensity  of  preci- 
pitin bands  differed  markedly  when  antigens  of 
the  five  V erticillium  spp.  were  reacted  with  the 
SS4  antiserum.  Bands  were  similar  in  number 
and  intensity  for  V.  dahliae  and  V.  albo-atrum, 
were  fewer  and  less  intense  for  V.  nubilum,  and 
lacking  or  extremely  low  in  intensity  for  V.  ni- 
grescens  and  V.  tricorpus.  Where  antigens  of 
two  isolates  of  V.  dahliae  were  compared  with 
V.  albo-atrum  against  SS4  serum,  precipitin  pat- 
terns were  similar. 

3  Figures  are  the  reciprocals  of  the  greatest  dilution 
at  which  positive  agglutination  was  observed. 
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Agglutination  tests  were  made  with  conidial  at  rum  were  reacted  with  the  SS4  serum.  Aggluti- 
suspensions  of  the  foregoing  fungi.  In  addition,  nation  was  optimum  when  conidial  suspensions 
five  isolates  of  V.  dahliae  and  three  of  V.  albo-      were  adjusted  to  approximately  6Xl07/ml. 


Figure  5. — Serological  comparisons  among  V erticillium  spp.  in  agar-gel  diffusion  plates.  A  Center  well  was  filled 
with  antiserum  against  SS4  strain  of  V.  dahliae  and  reacted  against  its  own  antigen  (well  1),  antigen  of  hop 
isolate  of  V.  albo-atrum  (well  2),  antigen  of  V.  tricorpus  (well  3),  antigen  of  V.  nubilum  (well  4),  and  antigen 
of  V.  nigrescens  (well  5).  Note  similar  bands  for  V.  dahliae  and  V.  albo-atrum.  B  Center  well  was  filled  with 
antiserum  against  SS4  strain  of  V.  dahliae  and  reacted  against  its  own  undiluted  antigen  (well  1),  diluted 
antigen  (well  3),  and  undiluted  antigen  of  the  hop  isolate  of  V.  albo-atrum  (well  2).  Again,  note  similarity  of 
bands  for  both  species. 
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Titers  obtained  in  cross-reactions  with  anti- 
gens of  five  Verticillium  spp.  and  SS4  ( V.  dahl- 
iae) serum  in  several  tests  are  given  in  table  2. 
Although  the  titer  was  the  same  for  both  V. 
dahliae  X  V.  dahliae  and  V.  dahliae  X  V.  albo- 
atrum,  agglutination  was  less  in  the  latter  than 
in  the  homologous  reaction. 

In  tests  with  several  isolates  of  V.  dahliae  and 
V.  albo-atrum,  variation  was  as  great  within  the 
homologous  series  (V.  dahliae  X  V.  dahliae)  as 
between  V.  dahliae  X  V.  albo-atrum.  The  titers 
ranged  from  1,600  to  3,200.  On  the  other  hand, 
titer  was  a  comparatively  easy  basis  for  distin- 
guishing V.  dahliae  from  V.  nubilum,  V.  tricor- 
pus, or  V.  nigrescens. 

Both  the  agar-gel  diffusion  and  agglutination 
tests  revealed  similar  relations  among  the  five 
Verticillium  spp.  A  close  serological  relation  was 

COMPATIBILITY  AMONG 
DETERMINED  BY 

One  test  of  speciation  in  Verticillium  spp.  is 
their  ability,  or  lack  of  it,  to  anastomose  with 
each  other.  If  anastomosis  is  a  common  phenom- 
enon within  a  species  and  between  species,  re- 
pair of  induced  mutations,  or  failure  of  repair, 
might  also  provide  a  measure  of  relatedness  be- 
tween species.  Hastie  (239),  in  1962,  and 
Fordyce  and  Green  (191),  in  1964,  reported  on 
some  aspects  of  this  approach  to  species  deter- 
mination. Hastie  (239)  proposed  parasexualism 
as  a  mechanism  of  variation  in  V.  albo-atrum  on 
the  basis  of  isolation  of  prototrophs  by  combin- 
ing biochemically  deficient  mutants.  Parental 
and  recombinant  types  were  subsequently  re- 
covered from  subcultures  of  a  single  conidium. 
Fordyce  and  Green  (191)  concluded  that  anas- 
tomosis and  parasexual  recombination  between 
cultures  representative  of  V.  albo-atrum  and  V. 
dahliae  support  the  views  of  Rudolph  (460), 
Presley  (426),  Wilhelm  (591),  Guthrie  (229), 
McKeen  (352) ,  and  others  that  these  two  forms 
are  only  strains  of  a  single  species  and  should 
be  combined  into  V.  albo-atrum. 

To  determine  whether  anastomosis  was  com- 
mon within  Verticillium  spp.,  cultures  of  V.  dahl- 
iae (SS4  strain  from  cotton),  V.  albo-atrum 
(from  hop),  V.  nubilum,  V.  nigrescens,  and  V. 
tricorpus  were  grown  in  the  dark  at  24°  C.  on 
PDA,  on  cellophane  (DuPont  No.  300  PD,  no 
waterproofing)  over  PDA,  on  water  agar,  and 
on  cellophane  over  water  agar.  Cultures  were 


indicated  between  V.  dahliae  and  V.  albo-atrum 
and  a  somewhat  close  relation  between  V.  dahl- 
iae and  V.  nubilum.  By  comparison,  V.  tricorpus 
and  V.  nigrescens  were  serologically  distantly 
related  to  V.  dahliae. 

It  is  likely  that,  in  order  to  demonstrate  diag- 
nostic serological  differences  between  V.  dahliae 
and  V.  albo-atrum,  reciprocally  absorbed  anti- 
sera  will  have  to  be  used  in  agglutination  and 
agar-gel  diffusion  experiments.  The  serological 
affinities  of  the  five  Verticillium  spp.  were  re- 
lated to  their  virulence  in  cotton  (table  2) ,  indi- 
cating a  possible  serological  basis  for  virulence 
in  cotton  similar  to  evidence  presented  elsewhere 
on  the  relation  of  common  antigens  to  host  spec- 
ificity and  disease  resistance  for  bacterial  and 
fungus  pathogens. 

VERTICILLIUM  SPP  AS 
ANASTOMOSIS 

also  paired  in  all  possible  combinations  on  the 
media  to  determine  whether  interspecific  an- 
astomosis occurred.  To  aid  in  the  observations, 
small  sections  where  paired  cultures  merged  on 
cellophane  were  removed  and  stained  with  HC1 
Giemsa  and  iron  alum-hematoxylin. 

Anastomosis  of  hyphae  was  found  in  all  spe- 
cies. The  best  observations  were  made  on  cello- 
phane placed  over  water  agar,  which  resulted  in 
relatively  sparse  growth.  The  hematoxylin  stain 
was  the  most  useful  for  locating  anastomosed 
hyphae.  Anastomosis  was  more  frequent  in  V. 
dahliae,  V.  nubilum,  and  V.  tricorpus  than  in  V. 
albo-atrum  and  V.  nigrescens.  Anastomosis  was 
more  frequent  in  old  areas  of  the  cultures  and 
was  prevalent  where  chlamydospores,  torulose 
hyphae,  or  microsclerotia  were  forming.  Anas- 
tomosis was  more  difficult  to  detect  at  the  mar- 
gins of  cultures  (youngest  growth) . 

When  cultures  were  paired  on  PDA  for  the 
determination  of  interspecific  anastomosis,  in- 
hibition between  some  cultures  was  marked  (fig. 
6A ) .  This  phenomenon  was  investigated  rather 
thoroughly  because  of  its  possible  significance  in 
the  determination  of  interspecific  compatibili- 
ties and  in  taxonomy.  When  species  were  paired 
in  all  possible  combinations  on  PDA,  V.  dahliae, 
V.  albo-atrum,  and  V.  tricorpus  commonly  dem- 
onstrated various  degrees  of  antagonism  among 
each  other,  but  very  little  or  no  antagonism  in 
self-pairings  (fig.  6B) .  V.  dahliae  was  self-in- 
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Figure  6. — Incompatibility  of  several  Verticillium  spp.  in  interspecific  anastomosis  tests  on  PDA.  A  Arrows  indi- 
cate inhibition  zones  that  formed  when  cultures  of  V.  dahliae,  V.  albo-atrum,  and  V.  nubilum  contacted  V.  tri- 
corpus  (culture  in  center  of  plate).  Plate  on  right  shows  similar  inhibition  zones.  No  inhibition  was  noted  with 
V.  nigrescens.  B  Plates  of  each  Verticillium  spp.  paired  with  itself  show  no  self-incompatibility.  Top  row,  from 
left  to  right:  V.  nubilum  and  V.  dahliae.  Botton  row,  left  to  right:  V.  nigrescens,  V.  tricorpus,  and  V.  albo- 
atrum. 


hibitory,  as  demonstrated  by  spraying  conidia 
onto  week-old  cultures.  The  resulting  inhibition 
zones  measured  6  mm.  V.  nigrescens  was  not  an- 
tagonistic to  the  other  species  on  PDA.  Since  this 
phenomenon  involved  self-inhibition  and  was  re- 
lated to  growth  on  PDA,  use  was  made  of  water 
agar  and  cellophane  on  water  agar  in  further  at- 
tempts to  demonstrate  interspecific  anastomosis. 
Anastomosis  was  observed  between  the  fol- 


lowing species:  V.  dahliae  X  V.  albo-atrum,  V. 
dahliae  X  V.  nubilum  and  V.  albo-atrum  X  V. 
nubilum.  Questionable  observations  indicated  an- 
astomosis  between  V.  dahliae  and  V.  nigrescens. 
Since  anastomosis  was  fairly  common  in  all  five 
species  and  since  examples  of  interspecific  an- 
astomosis were  observed,  further  testing  of  in- 
terspecific compatibilities  with  biochemical  mu- 
tants seemed  warranted. 
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REPAIR  OF  BIOCHEMICAL  MUTANTS  OF  VERTICILLIUM  SPP. 


Five  Verticillium  spp.  were  used  for  the  in- 
duction of  biochemical  mutants.  Cultures  were 
derived  from  single  spores  and  selected  for  wild- 
type  characteristics.  Conidial  suspensions  for 
irradiation  were  made  from  6-day-old  cultures 
grown  on  PDA  slants.  The  conidia  were  washed 
from  the  agar  surface  with  sterile,  glass-distilled 
water  and  adjusted  aseptically  with  a  colori- 
meter to  approximately  4  x10s  viable  conidia/ 
ml.  Ten  ml.  of  conidial  suspension  was  dispensed 
into  sterile  90-mm.  glass  petri  dishes  and  irradi- 
ated (lid  removed)  with  ultraviolet  light  from  a 
G15T8  germicidal  bulb  (Westinghouse)  mount- 
ed in  a  fluorescent  desk-lamp  fixture.  The  ex- 
posure necessary  for  a  kill  rate  of  approximate- 
ly 99%  of  the  conidia  was  determined  for  each 
species  by  trial  and  error.  These  fungi  differed 
somewhat  in  the  amount  of  ultraviolet  light 
necessary  for  the  desired  kill  rate.  After  irradia- 
tion the  suspensions  were  diluted  serially  to  10"4, 
and  0.1  ml.  of  the  10"2,  lO'3,  and  104  dilutions 
was  spread  uniformly  over  PDA  (complete  med- 
ium) in  90-mm.  petri  dishes  with  a  sterile,  bent- 
glass  rod  and  turntable.  Cultures  were  incubated 
in  the  dark  at  24°  C.  Colonies  that  appeared  were 
subtransf  erred  to  a  minimal  medium — Czapek's, 
except  that  purified  agar  (Ionagar  No.  2,  Colab) 
was  substituted  for  regular  agar — and  to  PDA 
slants.  Colonies  that  grew  slowly  or  demon- 
strated other  abnormal  characteristics  on  the 
minimal  medium  were  numbered  and  saved  for 
testing  against  amino  acids,  vitamins,  and 
growth  factors.  In  all,  over  2,000  suspected  auxo- 
trophs  were  saved. 

Seventeen  amino  acids  and  ten  vitamins  and 
growth  factors  were  prepared  aseptically  by 
Millipore  filtration  and  refrigerated.  Amino 
acids  were  added  to  the  minimal  medium  so  that 
their  concentration  was  0.001  M  in  each  petri 
dish.  Concentrations  of  vitamins  and  growth 
factors  ranged  from  1.0  /<.g.  to  0.5  mg./petri  dish. 
Up  to  12  suspected  auxotrophs  were  transferred 
to  the  periphery  of  each  petri  plate  containing 
the  minimal  medium  plus  a  test  chemical,  and 
the  wild-type  parent  was  placed  in  the  center  of 
the  plate  for  comparison  (fig.  1A).  Isolates  re- 
sponding to  one  or  more  of  the  chemicals  were 
saved  and  classified  as  to  whether  they  gave  a 
pronounced  or  partial  (leaky)  response  and 
whether  they  responded  to  more  than  one  chemi- 


cal. Isolates  that  demonstrated  a  definite  nutri- 
tional deficiency  were  retested  for  confirmation 
of  their  auxotrophic  nature.  Generally,  only  mu- 
tants that  exhibited  a  single  deficiency  and  grew 
very  poorly  on  the  minimal  medium  were  con- 
sidered for  additional  experiments.  No  back 
mutations  were  encountered,  attesting  to  the  sta- 
bility of  the  auxotrophs. 

The  following  auxotrophs  were  selected  for 
intraspecific  and  interspecific  crosses:  V.  dahl- 
iae (SS4  strain) — biotinless,  leucineless,  meth- 
ionineless,  and  thiamineless;  V.  dahliae  (Tl 
strain) — arginineless  (2  isolates),  glycineless, 
histidineless,  and  pyridoxineless;  V.  albo-atrum 
— thiamineless  and  tyrosineless;  V.  nubilum — 
niacinless  and  tryptophaneless;  V.  nigrescens — 
arginineless  and  histidineless;  and  V.  tricorpus 
— arginineless  and  methionineless. 

For  tests  of  intraspecific  and  interspecific 
compatibility  two  small  agar  blocks  (1  to  2  mm.) 
of  auxotrophs  from  PDA  slants  of  the  same  or 
different  species  were  placed  on  the  minimal 
medium  about  0.5  cm.  apart  in  the  center  of  90- 
mm.  plastic  petri  dishes  and  incubated  in  the 
dark  at  24°  C.  Crosses  were  replicated  four 
times  or  more  in  several  experiments.  Transfer 
of  genetic  information  leading  to  repair  of  mu- 
tations was  indicated  if  a  wild-type  sector  arose 
from  the  area  where  the  colonies  merged.  To 
rule  out  crossfeeding  as  a  cause  of  wild-type 
growth,  hyphal  tips  were  transferred  from  sec- 
tors to  the  minimal  medium  in  all  cases. 

Sectors  of  wild-type  (protrophic)  growth  oc- 
curred in  some  intraspecific  and  interspecific 
crosses.  Prototrophs  resulted  from  intraspecific 
crosses  of  thiamineless  and  tyrosineless  V.  albo- 
atrum  and  leucineless  and  histidineless  V.  dahl- 
iae and  also  from  interspecific  crosses  of  biotin- 
less V.  dahliae  X  tyrosineless  V.  albo-atrum, 
biotinless  V.  dahliae  X  tryptophaneless  V.  nubi- 
lum, and  thiamineless  V.  albo-atrum  X  trypto- 
phaneless V.  nubilum  (fig.  7,  B  and  C) .  No  pro- 
totrophs resulted  from  crosses  between  the  other 
species.  Although  some  sectoring  in  prototrophs 
was  later  observed,  indicating  segregation  to 
auxotrophic  parental  types,  the  intent  was  not 
to  pursue  genetic  aspects;  the  cultures  still  exist 
and  such  studies  can  be  pursued  later. 

These  results  indicate  that  interspecific  com- 
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Figure  7. — Auxotrophs  produced  by  ultraviolet  irradiation  and  prototrophs  formed  in  interspecific  crosses.  A  Auxo- 
trophs  are  the  slow-growing  cultures  on  the  periphery  of  plates  of  minimal  culture  medium  with  wild-type  par- 
ents in  the  center.  Top  plate,  V.  dahliae.  Botton  left,  V.  nubilum.  Botton  right,  V.  nigrescens.  B  Prototrophs 
derived  from  auxotrophs  of  V.  dahliae  X  V.  nubilum.  C  Prototrophs  derived  from  auxotrophs  of  V.  albo-atrum 
X  V.  nubilum.  Prototrophs  are  the  cultures  in  center  row  of  each  plate,  showing  wild-type  growth  rate  on 
minimal  culture  media  compared  with  auxotrophic  parents  in  the  top  and  bottom  rows  of  cultures  in  each  plate. 


patibilities  exist  among  at  least  three  of  the 
species:  V.  dahliae,  V.  albo-atrum,  and  V.  nubi- 
lum. The  compatibility  among  these  three  is  such 
that  there  is  anastomosis  and  enough  inter- 
change of  genetic  information  to  repair  the  nu- 
tritional deficiencies  of  auxotrophic  parents. 


Studies  of  anastomosis,  repair  of  biochemical 
mutants,  and  serological  affinities  indicate  a 
close  relation  among  these  three  species.  The  re- 
sults of  crosses  between  V.  dahliae  and  V.  albo- 
atrum  are  in  agreement  with  results  of  Fordyce 
and  Green  (189,191). 
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MORPHOLOGY  OF  V.  ALB O  AT RUM  and  V.  DAHLIAE 


Controversies  over  the  morphology  of  V.  dahl- 
iae and  V.  albo-atrum  present  several  alterna- 
tives in  naming  these  two  fungi:  (1)  they  are 
the  same  species,  V.  albo-atrum;  (2)  the  DM 
form  is  V.  albo-atrum,  and  the  MS  form  is  V. 
dahliae;  and  (3)  the  MS  form  is  V.  albo-atrum, 
and  the  DM  form  has  no  current  valid  name. 


Aside  from  studies  on  pathogenicity  and  phys- 
iology by  Isaac  (273,  27 if),  genetic  experiments 
by  Fordyce  and  Green  (191),  and  serological 
studies  by  myself  (^81),  the  literature  on  the 
taxonomy  of  Verticillium  spp.  has  dealt  mainly 
with  their  morphological  differences  (fig.  8). 
Since  Klebahn's  paper  (300),  in  1913,  morpho- 


Figure  8. — Comparative  morphology  of  "resting  structures"  of  five  Verticillium  spp.  from  agar  cultures.  A  Ma- 
ture, thick-walled,  melanized  microsclerotia  of  V.  dahliae.  B  Immature,  thin-walled,  lightly  melanized  microscler- 
otia  of  V. , dahliae.  C  Torulose  mycelium  of  V.  dahliar  that  forms  in  conjunction  with  microsclerotia.  D  Dark, 
thick-walled  "resting  mycelia"  of  V.  albo-atrum.  E  Thin-walled  and  narrow,  dark  hyphae  of  V.  albo-atrum.  F 
Dark  mycelium  and  microsclerotium  produced  by  V.  tricorpus.  G  Dark  chlamydospores  produced  by  V.  nubilum. 
H  Dark  chlamydospores  produced  by  V.  nigrescens.  X  467. 
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logical  investigations  with  V.  albo-atrum  and  V. 
dahliae  have  emphasized  differences  between  so- 
called  resting  structures  of  these  two  species, 
specifically,  dark  mycelia  and  microsclerotia.  I 
interpreted  (475,  478)  the  torulose  hyphae 
drawn  by  Reinke  and  Berthold  (443  and  fig.  1) 
to  represent  mycelia  of  V.  dahliae,  because  in  cul- 
ture this  fungus  commonly  produces  mycelia 
with  those  characteristics.  Isaac's  claim  (273) 
that  on  certain  media  the  DM  form  (V.  albo- 
atrum)  also  produces  hyphae  similar  to  those 
drawn  by  Reinke  and  Berthold  (443)  is  not  sup- 
ported by  his  published  pictures  (273) .  Rudolph 
(460)  and  others  have  interpreted  the  cluster  of 
cells  drawn  by  Reinke  and  Berthold  (443)  as  a 
germinating  microsclerotium.  I,  however,  point- 
ed out  that  if  this  is  a  microsclerotium  it  is  very 
immature  (478)  and  not  typical  of  those  figured 
by  Klebahn  and  others  since  1913. 

Fortunately  there  are  other  diagnostic  morph- 
ological traits.  Although  referred  to  by  Klebahn 
and  well  illustrated  by  Reinke  and  Berthold, 
they  have  apparently  been  ignored  aside  from 
emphasis  by  Smith  (517)  in  1965.  These  traits 
are  two-celled  conidia  (fig.  1)  and  darkened 
bases  of  conidiophores  (fig.  9).  In  addition,  the 
torulose  hyphae  drawn  by  Reinke  and  Berthold 
were  in  potato  tissue  (fig.  1) ,  which  Smith  sug- 
gested has  a  bearing  on  the  taxonomy  problem. 
The  DM  form  does  not  necessarily  produce  tor- 
ulose hyphae  in  culture  (fig.  8,  C  and  D)  but 


Figure  9. — Conidiophore  morphology  as  shown  in  the 
drawings  of  Verticillium  albo-atrum  by  Reinke  and 
Berthold  (443).  The  darkened  base  of  the  conidio- 
phore in  drawing  8  is  characteristic  only  of  V.  albo- 
atrum. 


does  produce  them  in  host  tissue.  This  observa- 
tion would  invalidate  my  argument  (478)  and 
essentially  negate  Isaac's  claim  (273)  that  hy- 
phae of  the  DM  form  similar  to  those  drawn  by 
Reinke  and  Berthold  are  produced  in  culture. 
Since  the  morphological  traits  of  Reinke  and 
Berthold's  fungus  were 'observed  on  or  in  host 
tissue,  Smith  compared  their  drawings  with  the 
morphology  of  the  DM  and  MS  forms  on  host 
tissue.  The  DM  form  on  host  tissue  has  stouter 
conidiophores,  becoming  dark  or  black  at  the 
base  at  maturity,  larger  first-formed  conidia 
which  are  often  one-septate,  and  dark,  thickened 
hyphae  as  resting  mycelia.  The  MS  form  pro- 
duces fewer  and  smaller  conidiophores,  which 
remain  hyaline;  smaller  first-formed  conidia; 
and  dark,  resting  mycelia  forming  microsclerotia 
by  budding.  Since  Smith's  findings  for  the  DM 
form  agree  with  the  illustrations  of  Reinke  and 
Berthold,  the  fungus  originally  described  in  1879 
is  in  all  probability  the  DM  form,  which  they 
named  V.  albo-atrum.  I  have  been  able  to  con- 
firm several  of  Smith's  observations  with  iso- 
lates in  my  collection  of  the  DM  form  from  hop 
and  potato.  Conidia  of  V.  albo-atrum  are  indeed 
often  one-septate  (fig.  10)  and  are  larger  than 
conidia  of  V.  dahliae,  and  the  conidiophores  of 
V.  albo-atrum  at  maturity  have  darkened  bases. 
Since  these  traits  do  not  fit  the  fungus  described 
by  Klebahn,  his  V.  dahliae  appears  to  be  valid. 


Figure  10. — One-septate  conidia  (arrows)  characteris- 
tic of  my  cultures  of  Verticillium  albo-atrum  from 
hop  and  potato  are  similar  to  drawings  by  Reinke 
and  Berthold  (443).  Septate  conidia  have  not  been 
observed  in  any  of  my  cultures  of  V.  dahliae. 
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DISCUSSION  AND  CONCLUSIONS 


There  are  two  major  aspects  to  the  contro- 
versy over  the  nomenclature  of  V.  albo-atrum 
and  V.  dahliae.  The  first  deals  with  the  morph- 
ology of  Reinke  and  Berthold's  fungus  in  com- 
parison with  Klebahn's.  The  second  concerns  re- 
solving the  questions  raised  by  Presley's  re- 
search (U2G)  in  which  DM  and  MS  forms  were 
obtained  from  single-spore  cultures  of  the  MS 
form,  indicating  that  the  two  are  the  same  spe- 
cies. That  argument  is  strengthened  by  observa- 
tions of  Longree  (336) ,  McKeen  (352) ,  and  data 
presented  by  Fordyce  and  Green  (191)  and  in 
this  report. 

In  my  opinion  Smith's  paper  (517)  is  the  most 
important  recent  report  concerning  the  morph- 
ological aspects  of  the  controversy.  His  observa- 
tions present  convincing  evidence  that  Reinke 
and  Berthold  described  the  DM  form  and  that 
Klebahn  described  the  MS  form.  On  the  basis  of 
morphology,  therefore,  V.  albo-atrum  and  V. 
dahliae  appear  to  be  distinct  and  properly 
named. 

Although  Presley  believed  that  some  variants 
he  obtained  from  monosporic  cultures  of  MS  iso- 
lates represented  the  DM  form,  I  have  been  un- 
able with  similar  methods  to  produce  a  true  DM 
form  from  MS  isolates  from  diseased  cotton  and 
other  hosts  in  California  in  studies  over  a  13- 
year  period.  Other  investigators  have  not  been 
able  to  obtain  a  DM  form  from  MS  isolates 
(517) .  It  would  have  been  helpful  if  Presley  had 
substantiated  his  claim  with  photomicrographs 
showing  morphological  details  of  the  variants 
obtained.  Tolmsoff  (personal  communication) 
also  claimed  he  had  obtained  a  DM  culture  from 
a  MS  isolate  by  using  an  enriched  medium  and 
temperature  treatments. 

Critical  studies  comparing  DM  and  MS  forms 
have  shown  marked  differences  in  their  tem- 
perature requirements,  morphology,  and  physi- 
ology. In  the  light  of  those  differences  it  is  diffi- 
cult to  interpret  results  such  as  Presley's,  especi- 
ally since  it  is  unlikely  that  morphological 
changes  would  also  simultaneously  involve 
marked  changes  in  carbohydrate  utilization,  ni- 
trogen utilization,  pH  requirements,  response  to 
temperature,  and  changed  host  range.  Since  the 
differences  between  DM  and  MS  forms  appear 
to  be  constant  worldwide,  claims  of  morphologi- 
cal changes  from  one  to  the  other  should  be  sup- 
ported by  data  showing  that  many  of  the  physi- 


ological traits  also  changed.  I  know  of  no  such 
evidence,  nor  of  claims  that  an  MS  form  can  be 
obtained  from  a  DM  form. 

Smith  suggested  that  the  belief  that  DM  and 
MS  forms  are  merely  variants  of  the  same  spe- 
cies may  stem  in  part  from  the  isolation  of  V. 
tricorpus  from  plant  tissue.  V.  tricorpus  pro- 
duces both  dark  mycelia  and  microsclerotia  (fig. 
8).  I  have  been  unable  to  separate  DM  and  MS 
forms  from  V.  tricorpus.  This  species  is  of  inter- 
est from  a  morphological  standpoint,  but  is  a 
comparatively  poor  pathogen  and  is  not  closely 
related  serologically  to  V.  albo-atrum  and  V. 
dahliae,  nor  in  my  studies  were  its  auxotrophs 
capable  of  anastomosing  and  producing  proto- 
trophs  with  the  latter  two  species.  If  V.  tricorpus 
represents  an  evolutionary  base  for  V.  albo- 
atrum  and  V.  dahliae,  some  very  dramatic  and 
numerous  physiological  changes  had  to  occur  in 
the  latter  two  species  after  they  evolved  morph- 
ologically. 

Presley's  results  present  some  investigators 
with  a  major  barrier  to  acceptance  V.  albo- 
atrum  and  V.  dahliae  as  separate  species.  His  re- 
sults can  be  explained  on  the  basis  of  results  of 
Fordyce  and  Green,  some  confirmed  in  the  pres- 
ent study,  and  on  the  serological  experiments 
presented  here.  I  start  by  assuming  that  all  of 
Presley's  observations  were  correct  and  that 
bonafide  DM  and  MS  forms  were  obtained  from 
single-spore  cultures.  Presley's  isolate  came 
from  diseased  chrysanthemum  plants  growing  in 
a  greenhouse  at  the  University  of  Minnesota. 
Both  the  DM  and  MS  forms  occur  in  the  north- 
ern part  of  the  United  States.  Isaac  (273)  has 
shown  that  chrysanthemum  is  susceptible  to 
both  forms  (see  section  on  comparative  patho- 
genicity) .  Experiments  of  Fordyce  and  Green 
and  those  presented  here  showed  that  the  DM 
and  MS  forms  are  capable  of  genetic  interchange 
through  anastomosis  of  auxotrophs,  leading  to 
the  formation  of  prototrophs.  Furthermore,  the 
prototrophs  segregate  (sector),  giving  rise  to 
the  auxotrophic  parents  which  are  morphologi- 
cally distinct  (191),  that  is,  DM  or  MS  forms. 
It  is  therefore  possible  that  Presley's  original 
culture  was  a  "hybrid"  derived  from  simultan- 
eous infection  of  chrysanthemum  by  wild-type 
DM  and  MS  forms  that  resulted  in  anastomosis 
and  interchange  of  genetic  material.  This  hy- 
pothesis can  be  tested  by  simultaneous  inocula- 
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tions  of  DM  and  MS  forms  to  a  common  host 
plant. 

Although  the  experiments  with  nutritional 
mutants  by  Fordyce  and  Green  indicated  that 
the  DM  and  MS  forms  might  be  the  same  species, 
the  present  study  showed  that  auxotrophs  of  V. 
nub  Hum  were  capable  of  producing  prototrophs 
with  these  two  forms.  This  result  suggests  that 
the  use  of  nutritional  mutants  may  show  a  de- 
gree of  relatedness  among  these  fungi,  but  is 
not  necessarily  capable  of  distinguishing  be- 
tween some  species.  This  argument  can  also  be 
applied  to  the  significance  of  relationships 
shown  by  serology:  V.  albo-atrum  and  V.  dahl- 
iae  could  not  be  distinguished  with  certainty  by 
agglutination  and  agar-gel  diffusion  tests,  al- 
though marked  differences  may  have  been  re- 
vealed by  reciprocally  absorbed  antisera. 

The  close  serological  affinities  of  V.  albo- 
atrum  and  V.  dahlia e  may  reflect  more  on  their 
similar  pathological  properties  than  on  their 


taxonomic  position.  This  suggestion  derives 
from  the  fact  that  in  this  study  serological  re- 
latedness was  correlated  with  virulence  in  cot- 
ton (table  2).  Furthermore,  unpublished  evi- 
dence indicates  that  V.  dahlia  e  is  serologically 
related  to  Fusarium  oxysporum  Schlecht.  f.  vas- 
infcctum  (Atk.)  Snyd.  -and  Hans.,  indicating 
common  antigenic  relationships  that  are  corre- 
lated with  their  virulence  in  .cotton.  I  suspect 
that  several  pathogens  of  cotton,  including  the 
bacterial  pathogen  Xanthomonas  malvacearum 
(E.  F.  Sm.)  Dows.,  are  serologically  related  to 
each  other  although  widely  different  in  taxo- 
nomic positions. 

The  foregoing  strongly  suggests  that  the  most 
meaningful  criteria  for  separating  Vrrticilluim 
spp.  are  morphology  and  certain  physiological 
traits  outlined  by  Isaac  (273,  27  h),  and  that  V. 
albo-atrum  and  V.  dahliae  are  the  valid  respec- 
tive names  of  the  DM  and  MS  forms. 
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LIFE  CYCLES 
OF  VERTICILLIUM  SPECIES 

By  Walter  J.  Tolmsoffi 


This  review  emphasizes  the  life  cycles  of  the 
important  vascular  pathogens  V erticillium  albo- 
atrum  Reinke  &  Berth,  and  V.  dahliae  Kleb.  and 
is  restricted  to  five  V erticillium  species.  The 
morphological  distinctions  among  these  species, 
reviewed  by  Isaac  (278,  279)  ,2  are  based  primar- 
ily on  pigmented  resting  structures:  V.  albo- 
atrum  produces  dark  mycelia  (DM) ;  V.  dahliae 
produces  black,  multicellular  microsclerotia 
(MS);  V.  nigrescens  Pethy.  and  V.  nubilum 
Pethy.  produce  black  chlamydospores,  with  those 
of  V.  nubilum  being  larger;  and  V.  tricorpus 
Isaac  produces  DM,  MS,  and  chlamydospores. 

Isaac's  classification  is  generally  used  except 
in  the  United  States,  where  isolates  forming 


either  DM  or  MS  are  frequently  called  V.  albo- 
atrum,  based  upon  the  observations  of  Rudolph 
(460)  and  Presley  (426,  427).  In  the  present 
review,  species  designations  given  by  various 
authors  are  used,  but  the  types  of  black  resting 
structures  formed  are  indicated  when  the  species 
is  designated  as  V.  albo-atrum.  Thus,  V.  albo- 
atrum  (MS)  is  synonymous  with  V.  dahliae. 

Recent  evidence  indicates  that  diploids  are  in- 
volved in  the  formation  of  black  resting  struc- 
tures in  V erticillium  spp.  and  therefore  may  play 
an  important  role  in  the  life  cycle  (554,  555). 
Much  of  this  review  deals  with  the  properties 
and  roles  of  diploids,  and  unpublished  results  are 
extensively  cited. 


OCCURRENCE  AND  NATURE  OF  DIPLOIDS 


Heterozygous  diploids  in  V.  albo-atrum  (DM) 
were  first  proposed  by  Hastie  (239)  in  1962. 
Paired,  complementary,  auxotrophic  haploids 
gave  rise  to  apparent  heterokaryons  that  formed 
diploids  with  mononucleate  conidia  about  twice 
as  long  as  haploid  conidia  (239,  240).  Recombi- 
nation of  genes  occurred  in  haploid  segregants 
produced  by  the  heterozygous  diploid  colonies 
(239,240,241,242). 

Ingram  (270)  recognized  V.  dahliae  var.  long- 
isporum  as  a  stable  diploid,  which  was  isolated 
from  wilted  horseradish  by  Stark  (526).  Stark 
found  that  this  isolate  produced  mononucleate 
conidia  approximately  twice  as  long  as  those  of 
V.  dahliae.  According  to  Hastie  (243),  Stark  in 
personal  communications  reported  that  both  the 
long-spored  isolate  and  typical  V.  dahliae  were 

1  Research  plant  pathologist,  Oklahoma-Texas  Area, 
Southern  Region,  Agricultural  Research  Service,  U.S. 
Department  of  Agriculture,  College  Station,  Tex.  77840. 

2  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 


recovered  from  the  same  root.  Ingram  (270) 
treated  the  diploid  with  ?>fluorophenylalanine 
and  obtained  the  haploid  as  faster  growing  sec- 
tors that  produced  smaller  conidia.  Auxotrophic 
mutations  were  induced  in  the  haploid  by  ultra- 
violet irradiation,  and  long-spored,  prototrophic, 
heterozygous  diploids  were  formed  when  the 
complementary  auxotrophic  haploids  were 
paired. 

I  (555)  reported  the  formation  of  homozygous 
diploids  in  V.  albo-atrum  (MS) .  Conidia  of  these 
diploids  had  average  lengths  of  10  to  15  /x,  while 
their  corresponding  haploids  were  4  to  7  fi  long. 
This  relationship  between  conidial  lengths  of 
haploids  and  diploids  was  consistent  in  more 
than  50  isolates,  including  a  majority  of  isolates 
of  V.  dahliae,  two  isolates  of  V.  albo-atrum 
(DM),  and  one  isolate  each  of  V.  tricorpus,  V. 
nigrescens,  and  V.  nubilum  (unpublished).  The 
longest  newly  formed  haploid  conidia  always 
were  shorter  than  8  /<.,  while  diploid  conidia  were 
always  8  jx  or  longer. 
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Several  workers  have  observed  conidial 
lengths  suggesting  the  natural  occurrence  of 
diploids.  Reinke  and  Berthold  (443),  Van  der 
Meer  (565),  and  Smith  (517)  found  conidia  of 
V.  albo-atrum  (DM)  as  long  as  10.5  to  13  /i.  In 
each  case,  cultures  were  grown  on  potato  or  to- 
mato stems,  and  conidiophores  developed  swollen 
black  bases.  In  agar  cultures  the  bases  of  conidio- 
phores were  narrow  and  lacked  black  pigment, 
and  the  conidia  were  small  (517) .  Conidiophores 
with  black  bases  might  be  diploid  and  a  source 
of  diploid  conidia  within  haploid  colonies. 

In  isolates  of  V.  albo-atrum  (MS)  Basu  (41) 
found  conidia  up  to  8.5  /t,  whereas  Carpenter 
(118)  and  Caroselli  (114)  found  conidia  11  to 
12  fx  long.  Van  der  Meer  (565)  also  reported  that 
conidia  of  V.  dahliae  were  as  long  as  11  /<.  Pelle- 
tier  and  Aube  (415)  found  that  average  conidial 
lengths  of  V.  albo-atrum  (DM),  V.  dahliae,  and 
V.  nigrescens  varied  between  3.95  and  6.70  /< 
under  different  environmental  conditions. 

Isaac's  original  description  of  V.  tricorpus  re- 
ports conidial  lengths  from  4  to  10  /'.,  with  an 
average  of  6.5  /•.  (274) .  Smith  (517)  found  one- 
celled  conidia  of  V.  tricorpus  varying  from  2  to 
11  n  in  length,  while  two-celled  conidia  varied 
from  8  to  15  fi.  He  also  reported  a  bimodal  pro- 
duction of  short  and  long  conidia  in  one  isolate. 

V.  tricorpus  colonies  started  from  single  hap- 
loid conidia  or  from  individual  hyphal  tips  regu- 
larly produced  0.5$  to  1.0%  conidia  8  n  or  more 
long;  a  similar  percentage  of  diploid  colonies  was 
recovered  in  dilution  plates  of  conidia  from  such 
colonies  (unpublished.)  Colonies  of  the  two 
ploidy  levels  were  easily  distinguished  by  hyphal 
color  (554) ;  haploid  hyphae  were  hyaline,  and 
diploid  hyphae  were  intense  orange.  Gradual  yel- 
lowing of  haploid  colonies  upon  aging  (247 ,  274, 
517)  may  indicate  internal  diploidization.  Oxi- 
dized or  reduced  sodium  thioctate  (1  mM,  pH 
7.0)  inhibited  hyphal  extension  of  V.  tricorpus 
on  a  minimal  medium  and  induced  haploid  hy- 
phae to  turn  orange  (unpublished).  Simultan- 
eously, the  percentage  of  diploid  conidia  within 
these  treated  haploid  colonies  was  about  10  times 
the  percentage  in  untreated  colonies. 

Roth  and  Brandt  (457)  mentioned  the  occur- 
rence of  brown  variant  colonies  in  conidial  dilu- 
tion plates  from  black  colonies  of  V.  albo-atrum 
(MS).  The  production  of  brown  hyphae  is  a 
unique  characteristic  of  many  diploids  of  V.  al- 
bo-atrum (MS)  (555). 


The  reports  just  discussed  indicate  that  many 
workers  observed  diploids  of  Verticillium  spp. 
without  realizing  it.  Three  structures  in  Reinke 
and  Berthold's  original  description  of  V.  albo- 
atrum  (443)  suggest  that  they  dealt  with  both 
haploids  and  diploids;  these  include  conidia  up 
to  12  /<  long,  two-celled  conidia,  and  "sclerotia" 
or  "rhizomorphs"  in  addition  to  DM. 

Two-celled  conidia  were  produced  more  fre- 
quently in  diploid  than  in  haploid  colonies  of 
Verticillium  spp.  (unpublished).  They  frequent- 
ly were  binucleate  and  single  celled  at  inception, 
but  became  two  celled  soon  after  release  from 
the  phialide  tip. 

A  mixture  of  "sclerotia"  and  DM  is  an  ac- 
curate description  for  resting  structures  of  a 
mixture  of  hapolid  and  homozygous  diploid 
states  of  V.  albo-atrum  (DM);  haploids  formed 
DM  upon  aging,  while  homozygous  diploids 
formed  structures  resembling  MS  (unpub- 
lished) .  Reinke  and  Berthold  (443)  also  pointed 
out  that  "sclerotia"  or  "rhizomorphs"  result 
when  adjacent  hyphae  form  chains  of  enlarged 
black  cells  of  various  sizes  and  shapes.  I  observed 
extensive  anastomosis  between  such  enlarged  hy- 
phae in  diploid  cultures  of  V.  albo-atrum  (DM) 
just  before  they  formed  round  cells  and  turned 
black.  The  resulting  network  of  black  cells  bore 
little  resemblance  to  DM  and  was  difficult  to 
distinguish  from  MS.  Reinke  and  Berthold  grew 
their  isolates  on  potato  stems  in  a  moist  chamber 
and  on  boiled  slices  of  potato  tubers  and  men- 
tioned the  presence  of  bacteria.  Such  conditions 
may  have  promoted  formation  and  growth  of 
diploids.  Most  diploids  of  Verticillium  spp.  were 
partially  or  totally  auxotrophic  (554) ,  and  vari- 
ous bacteria,  actinomycetes,  and  unrelated  fungi 
were  capable  of  providing  necessary  growth 
factors  deficient  in  certain  laboratory  media 
(unpublished) . 

Diploids  generally  have  not  been  recognized 
in  the  life  cycles  of  Verticillium  spp.  for  the  fol- 
lowing reasons  (554,  555):  (1)  most  diploids 
are  highly  unstable  and  readily  regenerate  their 
more  vigorous  haploids  in  culture;  (2)  most  dip- 
loids are  auxotrophic,  while  their  haploids  are 
prototrophic;  (3)  haploids  inhibit  growth  of  dip- 
loids, which  frequently  are  formed  within  aging 
haploid  colonies;  and  (4)  most  diploids  are  not 
pathogenic  and  therefore  are  seldom  isolated 
from  diseased  plants. 
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HAPLOID  DOMINANCE 


An  important  feature  of  the  haploid-diploid 
relationship  in  Verticillium  spp.  is  the  inhibition 
of  diploid  growth  in  the  presence  of  haploid 
growth  (554).  This  is  referred  to  as  haploid 
dominance. 

A  small  percentage  of  diploid  conidia  was  con- 
sistently produced  in  haploid  colonies  of  V.  albo- 
atrum,  V.  dahliae,  and  V.  tricorpus,  especially  in 
isolates  that  formed  resting  structures  abund- 
antly (unpublished).  However,  diploids  did  not 
grow  within  the  haploid  colonies.  Conversely, 
haploids  regenerated  as  conidia  within  aging 
diploid  colonies  readily  grew  and  developed.  Dip- 
loid colony  fronts  of  V.  tricorpus  often  became  a 
series  of  reversed  V-sectors  until  regenerated 
haploids  dominated  the  advancing  front  (554). 
In  other  diploids  regenerated  haploids  developed 
circular  colonies  at  each  point  of  regeneration 
and  grew  as  if  the  underlying  diploid  colony  were 
absent  (unpublished).  Colony  fronts  of  a  few 
diploids  completely  stopped  growing  after  hap- 
loid regeneration  began,  and  the  haploid  soon 
reached  and  extended  the  colony  front. 

Two  percent  of  haploid  conidia  was  adequate 
to  dominate  colony  development  when  mixtures 
of  haploid  and  diploid  conidia  with  similar  germ- 
ination and  growth  rates  were  inoculated  onto 
a  complete  medium  (554).  This  type  of  haploid 
dominance  was  observed  in  more  than  50  hap- 


loid-diploid cases  in  the  five  Verticillium  species 
(unpublished) .  Diploids  appeared  as  temporary 
sectors  during  colony  development  only  when 
conidial  mixtures  contained  at  least  94%  to  98% 
diploids.  The  diploids  then  grew  enough  to  per- 
mit their  isolation  and  perpetuation  as  colonies 
by  hyphal-tip  transfers. 

Hastie  (240)  pointed  out  that  haploids  of  V. 
albo-atrum  (DM)  sporulated  more  prolifically 
than  heterozygous  diploids,  and  haploid  conidia 
rapidly  outnumbered  diploid  conidia  within  ag- 
ing diploid  colonies.  A  similar  situation  occurs 
in  homozygous  diploids  of  Verticillium  spp. 
(555). 

When  haploid  and  diploid  colonies  occurred 
near  each  other,  but  with  their  hyphal  fronts 
separated,  the  haploid  colonies  usually  induced 
accelerated  haploidization  within  the  diploid  col- 
onies (unpublished).  The  regenerated  haploids 
then  dominated  the  colony  front  earlier  than  in 
isolated  diploid  colonies  of  the  same  age.  Forma- 
tion of  resting  structures  in  diploid  colonies  near 
haploid  colonies  also  moved  forward  at  an  accel- 
erated rate. 

The  germination  of  MS  from  V.  albo-atrum 
gave  approximately  1%  pure  diploid  colonies 
(554).  Since  haploids  are  dominant,  the  multi- 
cellular MS  must  contain  an  even  larger  percen- 
tage of  viable  diploid  cells. 


HAPLOID-DIPLOID  EQUILIBRIUM 


The  relationship  between  a  haploid  and  its 
homozygous  diploid  can  be  viewed  as  analogous 
to  an  equilibrium  between  the  reactants  (hap- 
loids) and  products  (diploids)  in  a  reversible 
chemical  reaction.  The  equilibrium  can  be  shift- 
ed to  the  left  (haploids)  or  right  (diploids) ,  for 
example,  by  changes  of  temperature  (Puhalla, 
personal  communication)  or  composition  of  the 
medium  (555). 

Dormant  resting  structures  of  Verticillium 
spp.  appear  to  be  formed  specifically  in  the  pres- 
ence of  both  states  of  ploidy  (554,  555) .  The  in- 
herent equilibrium  heavily  favored  the  diploid 
in  haploid  isolates  forming  resting  structures 
early  and  abundantly.  Diploid  colonies  of  such 
isolates  formed  resting  structures  late  and  spar- 
ingly as  the  haploids  were  regenerated  reluctant- 
ly. Secondary  growth  of  the  haploids  then  result- 
ed in  a  late  and  heavy  production  of  resting 


structures  as  diploids  were  reformed.  The  hap- 
loid state  was  heavily  favored  in  haploid  isolates 
that  lost  the  ability  to  form  resting  structures  or 
formed  them  late  and  sparingly,  for  example, 
white  haploid  variants  (426,  554,  555) .  The  for- 
mation of  diploids  in  some  white  isolates  was 
forced  in  an  ammonium-ion-containing  medium 
(555) ,  which  developed  a  low  pH  because  of  the 
respiration  of  ammonium  ions  (341,  553,  555). 
Homozygous  diploids  formed  from  the  white 
haploid  isolates  developed  resting  structures 
abundantly  where  haploids  were  regenerated 
within  the  colonies  (554,  555) .  The  regenerated 
haploids  were  still  incapable  of  forming  resting 
structures  when  they  were  grown  separately. 

The  following  examples  further  illustrate  that 
resting  structures  of  V.  tricorpus  and  V.  dahliae 
are  formed  only  after  both  haploid  and  diploid 
states  exist. 
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1.  Orange  diploid  colonies  of  V.  tricorpus 
usually  developed  10  to  20  white  haploid  sectors 
by  the  time  the  colonies  were  5  to  6  cm.  wide 
(554-) .  The  initial  MS  cells  occurred  in  a  localized 
cluster  at  the  origin  of  each  V-shaped  haploid  sec- 
tor and  were  produced  from  diploid  hyphae. 
Production  of  resting  structures  within  haploid 
sectors  of  V.  tricorpus  was  not  influenced  by  the 
nearby  diploid;  it  began  in  the  oldest  hyphae  and 
slowly  progressed  toward  the  colony  front  sever- 
al days  after  the  sectors  appeared.  Haploid  sec- 
tors induced  further  haploidization  of  the  ad- 
jacent diploid.  A  black  V-shaped  band  of  MS  then 
developed  to  the  colony  front,  separating  the 
haploid  and  diploid  sectors.  Thus,  MS  were 
formed  by  the  diploid  only  after  haploids  formed 
in  the  colony. 

2.  An  adenine-requiring  diploid  of  V.  dahliae 
grown  with  0.12  ml  adenine  did  not  produce 
MS  or  regenerate  haploids;  however,  this  was 
the  optimum  level  of  adenine  for  hyphal  growth 
and  diploid  conidial  production  (unpublished). 
At  adenine  concentrations  of  0.47  and  0.95  mM, 
haploids  were  regenerated  and  MS  were  pro- 
duced. Verticillate  conidiophores  producing  hap- 


loid conidia  developed  from  highly  enlarged, 
olive-colored,  diploid,  hyphal  cells  before  and 
after  they  were  transformed  into  black  MS  cells. 
Haploid  regeneration  was  strictly  associated 
with  MS  formation. 

3.  A  semidwarf  haploid  of  V.  albo-atrum 
(MS),  indicated  as  isolate  3  (554),  was  excep- 
tionally early  and  prolific  in  production  of  MS  on 
all  media  tested.  A  mixture  of  haploid  and  dip- 
loid conidia  was  produced  from  the  same  phial- 
ides  on  verticillate  conidiophores  that  arose  from 
swollen  hyphae  just  behind  the  haploid  colony 
front  (unpublished).  Subsequently,  the  swollen 
hyphae  became  transformed  into  MS.  In  con- 
trast, diploid  colonies  of  the  semidwarf  grew 
more  slowly,  but  were  exceptionally  stable,  and 
the  regeneration  of  haploids  and  production  of 
MS  were  delayed  and  sparse. 

Thus,  regardless  of  whether  colonies  were 
started  from  the  haploid  or  diploid  state,  resting 
structures  were  produced  only  in  association 
with  the  transition  from  one  state  to  the  other. 
MS  were  produced  most  rapidly  and  abundantly 
when  colonies  were  started  from  the  ploidy  least 
favored  by  the  haploid-diploid  equilibrium. 


REGULATION  OF  PIGMENT  AND  MS  FORMATION 


Brandt  (89,  90)  found  that  white  or  ultravio- 
let light  (maximum  emission  at  365  nm.)  pre- 
vented MS  formation  and  pigmentation  in  spe- 
cific isolates  of  V.  albo-atrum  (MS).  Kaiser 
(289)  found  similar  inhibition  with  blue  light. 
Heale  and  Isaac  (247)  reported  that  in  continu- 
ous white  light,  V.  dahliae  produced  MS,  V.  albo- 
atrum  (DM)  did  not  form  DM,  and  V.  tricorpus 
produced  MS,  but  not  DM  or  chlamydospores. 
All  of  these  structures  were  formed  in  continu- 
ous dark. 

Suppression  of  the  formation  of  resting  struc- 
tures by  light  is  isolate  specific  in  V.  albo-atrum 
(MS).  I  found  that  haploid  variants  derived 
from  germinated  MS  of  a  single,  wild-type  iso- 
late of  V.  dahliae  showed  a  spectrum  of  sensitivi- 
ty to  white  light  ranging  from  none  to  complete 
inhibition  of  MS  production. 

LeTourneau  et  al.  (324)  first  reported  stimu- 
lation of  MS  production  in  V.  albo-atrum  (MS) 
by  catechol.  Robinson  et  al.  (452)  also  found 
that  catechol  stimulated  production  of  MS  and 
DM  in  V.  albo-atrum.  Bell  (personal  communica- 
tion) observed  that  catechol  stimulated  MS  for- 
mation only  in  specific  isolates  of  V.  dahliae. 


Brandt  (90)  suggested  that  catechol  serves  as  a 
substrate  for  the  production  of  melanin  in  the 
presence  of  ultraviolet  irradiation. 

In  isolates  that  failed  to  produce  resting  struc- 
tures with  catechol,  this  capacity  has  been  re- 
stored by  inoculating  potato  plugs  or  a  host  plant 
and  then  reisolating  the  fungus  (452).  Since 
mass  inoculations  were  made,  however,  a  small 
population  of  variants  or  revertants  capable  of 
forming  resting  structures  might  have  prolifer- 
ated when  they  were  in  contact  with  living  host 
tissues. 

Nadakavukaren  and  Horner  (387)  used  an 
ethanol-containing  agar  medium  to  induce  for- 
mation of  MS  in  a  mint  isolate  of  V.  albo-atrum 
(MS).  Menzies  and  Griebel  (361)  found  that 
ethanol  did  not  enhance  MS  formation  in  their 
isolates,  and  they  developed  a  soil  extract-anti- 
biotic agar  medium  for  this  purpose. 

I  have  induced  MS  formation  with  PGAM 
medium,  which  contains  the  following  (per 
liter):  agar,  2.0  g.;  sodium  polygalacturonate, 
2.25  g.;  glucose,  700  mg.;  peptone,  200  mg.;  yeast 
extract,  120  mg.;  K,HPO„  65  mg.;  KH,P04,  52 
mg.;  MgS04«7H,0, 20  mg.;  and  distilled  water  to 
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1  liter.  Many,  but  not  all,  isolates  of  V.  dahliae 
produced  black  pigment  and  MS  in  PGAM  shake 
cultures  (unpublished).  Higher  or  lower  levels 
of  potassium  phosphate,  yeast  extract,  peptone, 
or  glucose  reduced  MS  formation.  Maximum  pig- 
ment and  MS  formation  occurred  in  flasks  in- 
oculated with  single  hyphal  tips  or  10  or  106 
conidia/ml.  The  smallest  amount  of  pigment  and 
MS  was  produced  with  102  conidia/ml.  as  in- 
oculum. The  number  of  MS  produced  corre- 
sponded to  the  number  of  conidia  added  when  102 
or  more  conidia/ml.  were  used  as  the  final  con- 
centration of  inoculum.  At  all  inoculum  concen- 
trations the  final  conidial  density  after  several 
days  was  approximately  5xl07/ml.  When  single 
hyphal  tips  or  10  conidia/ml.  was  used  as  inocu- 
lum, many  new  conidia  developed  into  MS;  even- 
tually more  MS  were  formed  than  in  flasks  in- 
oculated with  10°  conidia/ml.  Cellular  interac- 
tions during  differentiation  of  conidia  or  hyphae 
into  MS  are  indicated. 

When  24  isolates  of  V.  dahliae  were  reared  in 
sucrose  nitrate  solution  (-457)  for  4  to  32  days, 
only  isolates  producing  black  MS  excreted  into 
the  medium  compounds  (s) ,  absorbing  maximal- 
ly between  320  and  330  nm.  (unpublished). 
These  compounds  appeared  in  the  medium  coin- 
cidentally  with  the  first  macroscopic  appearance 
of  MS  and  increased  in  concentration  as  MS  ac- 
cumulated. Their  identification  might  help  elu- 
cidate the  nature  of  the  melanin  in  MS. 

Presley  (4-26)  demonstrated  the  induction  of 
MS  formation  in  white  isolates  paired  in  agar 
culture  with  black  isolates  of  V.  albo-atrum 
(MS).  I  also  observed  that  some  white  isolates 
induced  other  white  isolates  to  produce  MS 
abundantly.  Brandt  and  Reese  (91)  suggested 
that  a  diffusible  morphogenic  factor  is  respon- 
sible for  the  induction  of  MS  formation  in  one 
isolate  by  another. 

When  20  isolates  of  V.  dahliae  were  paired 
with  themselves,  with  each  other  in  all  possible 
combinations,  and  with  another  set  of  20  isolates 
in  dual  cultures  (unpublished),  the  interactions 
leading  to  MS  induction  had  the  following  char- 
acteristics: (1)  wild-type  isolates  did  not  induce 


MS  formation  in  various  white  haploid  variants 
even  though  the  wild-type  isolates  produced  MS 
heavily;  (2)  certain  white  isolates  induced  the 
formation  of  MS  in  other  specific  white  isolates 
in  a  nonreciprocal  manner;  (3)  isolates  induced 
to  form  MS  by  one  white  isolate  were  often  dif- 
ferent from  those  induced  by  another;  (4)  an 
albino  producing  hyaline  MS  induced  MS  forma- 
tion in  most  white  haploid  variants,  but  it  could 
not  be  induced  to  produce  black  MS;  and  (5) 
certain  MS-producing  haploid  variants  were  ca- 
pable of  inducing  MS  production  in  certain  white 
haploid  variants. 

The  results  from  dual  cultures  suggested  that 
various  white  haploid  variants  have  metabolic 
lesions  in  the  pathway  to  pigment  or  MS  forma- 
tion or  to  both.  If  the  site  of  the  lesion  in  one  iso- 
late were  past  that  in  another,  it  could  induce  the 
latter  to  form  MS  in  a  nonreciprocal  manner  by 
providing  accumulated  metabolic  intermediates. 
Wild-type  isolates  probably  have  no  lesions  and 
therefore  do  not  accumulate  or  excrete  inter- 
mediates of  pigment  synthesis.  Certain  MS-pro- 
ducing variants  that  form  MS  in  patterns  dif- 
ferent from  those  formed  by  wild-type  isolates 
might  accumulate  such  intermediates.  The  iso- 
lates illustrated  by  Presley  (426)  and  Brandt 
and  Reese  (91)  might  be  of  this  type. 

Several  areas  of  investigation  on  pigment  pro- 
duction in  Verticillium  spp.  are  needed.  The  ex- 
act molecular  structure  and  pathway  of  forma- 
tion of  the  black  pigment  should  be  determined. 
The  latter  should  not  be  inferred  from  stimula- 
tory effects  by  certain  chemicals,  since  their  ef- 
fects may  be  indirect.  The  relative  roles  of  the 
haploid  and  diploid  in  pigment  synthesis  and  MS 
production  need  to  be  determined.  Haploids  may 
make  the  precursors,  while  diploids  finish  pig- 
ment synthesis.  Many  conditions  that  stimulate 
MS  production  in  V.  albo-atrum  (MS) — pairing 
of  cultures  (426),  a  morphogenic  factor  (91), 
catechol  (90),  etc. — inhibit  hyphal  growth  or 
conidial  germination.  These  conditions  also  cause 
cell  enlargement  without  cell  division  and  may 
favor  transition  of  the  haploid  to  the  diploid. 
This  possibility  should  be  explored. 


EXTRUSION  OF  CELL  CONTENTS 


Black  pigment  of  V.  albo-atrum  (MS)  oc- 
curred primarily  at  the  outside  surface  of  MS 
cells  in  discrete  particles  (101,  unpublished). 
When  MS  cells  were  broken,  the  internal  surface 


of  the  cell  wall  appeared  colorless  under  the  light 
microscope.  Under  the  electron  microscope,  some 
pigmented  material  was  seen  in  localized  areas 
within  the  wall,  and  frequently  pigmented  par- 
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tides  extended  by  narrow  attachments  from 
within  the  cell  wall  to  the  outside.  Some  pigment 
particles  appeared  as  distinct  projections  from 
the  cells  under  the  light  microscope,  and  when 
aged  MS  were  gently  rolled  across  an  agar  sur- 
face, a  black  trail  of  broken-of f  particles  was  left 
behind.  In  V.  albo-atrum  (DM)  the  pigment  was 
localized  within  the  wall  and  seldom  protruded 
(unpublished) . 

An  extrusion  of  certain  cell  contents  occurred 
through  the  wall  of  MS  cells  during  pigmenta- 
tion (unpublished).  Electron  micrographs  also 
showed  some  mitochondria  within  developing 
MS  cells  undergoing  degeneration.  Internal 
membranes  and  cristae  disappeared,  and  degen- 
erated mitochondria  appeared  to  contribute  to 
particulate  contents,  which  migrated  through 
the  cell  wall  to  become  pigmented.  In  some  cells 
all  mitochondria  underwent  degeneration.  These 
cells  remained  thin  walled,  but  were  heavily  pig- 
mented externally;  they  appeared  dead  since 
recognizable  organelles  or  cytoplasmic  contents 
were  absent.  In  other  MS  cells  only  part  of  the 
mitochondria  degenerated,  and  these  cells  de- 
veloped a  thick  cell  wall  with  a  black  outer  sur- 
face of  protruding  particles  and  retained  intact 
organelles  internally. 

A  second  type  of  extrusion  during  MS  develop- 
ment was  revealed  by  time-lapse  movies  (unpub- 
lished). Some  MS  cells  suddenly  ruptured  and 
discharged  most  of  their  contents  after  cells  in- 
itiated pigmentation.  Channels  that  allowed  es- 
cape of  cytoplasmic  contents  during  pigmenta- 


tion may  have  weakened  the  walls  and  permitted 
a  sudden  rupture  under  internal  pressure.  Many 
MS  cells,  however,  retained  their  contents  and 
viability  (101,  unpublished) . 

Extensive  extrusion  of  cell  contents  occurred 
when  the  two  white  haploid  variants  recovered 
from  a  heterozygous  diploid  of  V.  dahliae  were 
paired  (unpublished) .  Hyphal  tips  from  each  of 
the  haploids  were  inoculated  into  100  ml.  of  mod- 
ified Eckert's  medium  (MEM)  in  shake  cultures. 
One  or  the  other  haploid  dominated  and  produced 
normal  growth  in  75%  of  the  flasks.  However, 
growth  was  markedly  suppressed  in  the  remain- 
ing flasks.  In  these  the  two  haploids  had  devel- 
oped about  equally  and  the  diploid  had  been  re- 
synthesized.  Cell  walls  of  the  haploids  apparent- 
ly softened  or  dissolved,  and  cellular  contents 
were  heavily  extruded  into  the  medium.  Twelve 
days  after  inoculation  the  diploid  was  the  pri- 
mary surviving  entity. 

Cellular  extrusion  also  occurred  when  the  dip- 
loid of  V.  tricorpus  was  grown  in  MEM  (unpub- 
lished) .  If  the  haploid  was  regenerated  relatively 
soon  in  the  cultures,  it  developed  extensively  as 
mycelium  and  conidia.  Otherwise,  the  diploid 
grew  little  and  began  extruding  its  contents 
heavily  into  the  medium  4  to  5  days  after  inocu- 
lation. Spherical  organelles  apparently  were  re- 
leased from  hyphae  and  conidia  and  aggregated 
into  long  chains  in  the  medium.  Cell  wall  forma- 
tion seemed  to  stop  while  internal  contents  were 
produced  and  partially  discharged  into  the  medi- 
um without  causing  cell  death. 


ANASTOMOSIS 


Anastomosis  occurs  extensively  within  homo- 
karyotic  cultures  of  V.  albo-atrum  (MS  and  DM 
types).  Reinke  and  Berthold  (UUS)  described 
anastomosis  between  germinating  conidia  of  V. 
albo-atrum  (DM).  Wilhelm  (595)  pointed  out 
that  aerial  MS  were  formed  in  the  conidial  heads 
of  V '.  albo-atrum  (MS)  following  anastomosis  of 
conidia.  Heale  (24.5)  briefly  mentioned  anasto- 
mosis between  auxotrophic  haploids  during  het- 
erokaryon  synthesis. 

Anastomosis  occurred  between  the  following 
types  of  cells  in  homokaryotic  cultures  of  Verti- 
piimmspp.  (unpublished):  two  or  more  conidia; 
two  or  more  hyphae;  conidia  and  mature  hyphae; 
conidia  and  MS  cells;  and  hyphae  and  MS  cells. 
In  staling  cultures  conidial  germ  tubes  occasion- 
ally grew  in  a  U-shape  and  anastomosed  back 


into  the  parental  conidium.  Anastomosis  com- 
monly occurred  at  bases  of  conidiophores  in  agar 
cultures  and  usually  preceded  conidiophore  dif- 
ferentiation. White  haploid  variants  usually  pro- 
duced conidiophores  and  conidia  sparsely  and 
underwent  little  anastomosis  (unpublished). 

Amounts  of  anastomosis  were  consistently  re- 
lated to  production  of  MS  or  DM  in  homokaryotic 
cultures.  Anastomosis  occurred  between  adja- 
cent hyphae,  frequently  with  a  common  point  of 
origin,  and  nearly  always  preceded  MS  or  DM 
formation.  The  anastomosis  bridge  was  fre- 
quently the  initial  site  of  pigmentation.  In  DM 
isolates  pigmentation  then  developed  in  both  di- 
rections in  one  or  two  cells.  Frequent  points  of 
anastomosis  occurred  along  the  length  of  black 
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hyphae  and  in  MS.  Rarely,  a  single  cell  became 
pigmented  without  evidence  of  anastomosis. 

In  liquid  shake  cultures  conidia  of  V erticillium 
spp.  were  usually  produced  by  simple  conidio- 
phores  originating  from  hyphae  and  by  short 
phialides  originating  from  enlarged  conidia 
(103,  unpublished) .  I  will  call  the  latter  process 
"autoconidiation"  to  distinguish  it  from  the  true 


budding  of  yeasts.  In  liquid  shake  cultures  conid- 
ia usually  were  produced  without  anastomosis, 
but  resting  structures  were  associated  with 
cellular  aggregation  and  extensive  anastomosis. 
White  isolates  that  underwent  little  anastomosis 
or  conidial  production  on  agar  media  usually 
failed  to  autoconidiate  in  liquid  media. 


CELLULAR  DIFFERENTIATION 


Colonies  of  Verticillium  spp.  differentiate  into 
numerous  cellular  types,  including  continuously 
extending  hyphal  tips;  mature  hyphae;  conidio- 
phores;  phialides;  small  conidia;  large  autocon- 
idiating  conidia;  MS;  DM;  and  chlamydospores. 
The  diameters  of  young  hyphal  tips  of  six  hap- 
loid  and  four  diploid  isolates  of  V.  dahliae  ranged 
from  an  average  of  2.4  to  3.6  /x  on  potato-carrot- 
dextrose  agar  (PCDA);  the  extremes  in  diam- 
eter were  2.0  and  4.7  n  (unpublished) .  As  colon- 
ies aged,  hyphal  diameters  were  reduced  at  some 
branching  points.  Reduction  in  diameter  was 
progressive  and  occurred  in  increments  of  about 
0.5  /x  (i.e.,  2.5  to  2.0  to  1.5,  etc.).  A  few  hyphae 
were  finally  reduced  to  a  uniform  diameter  of 
0.5  fi  and  grew  long  distances  without  giving  rise 
to  additional  branches.  Some  old  primary  hyphae 
enlarged  to  4  to  6  n  in  diameter  and  converted 
to  MS.  Similarly,  conidia  underwent  secondary 
enlargement  and  internal  changes  upon  aging. 

Keen  et  al.  (295)  found  that  the  initial  conidial 
concentration  of  V.  albo-atrum  (MS)  in  liquid 
shake  cultures  determined  whether  new  growth 
was  mycelial  or  conidial.  At  1.6x10s  conidia/ml. 
or  greater  new  growth  consisted  of  conidial  pro- 
duction. At  105  conidia/ml.  or  less  new  growth 
consisted  primarily  of  hyphal  production  during 
the  first  5  days  after  inoculation.  Conidial 
growth  was  partly  shifted  to  hyphal  growth  by 
deoxyadenosine  and  5-fluorodeoxyuridine.  An 
interaction  between  conidia  was  indicated,  but 
Keen  et  al.  believed  that  extracellular  morpho- 
genic  factors  were  not  involved. 

Some  effects  of  conidial  concentrations  on  dif- 
ferentiation of  MS  have  already  been  discussed. 
Similar  effects  were  observed  in  certain  white 
haploid  variants  of  V.  dahliae  (unpublished). 
Single  hyphal  tips  or  individual  conidia  on  PCDA 
medium  formed  white  colonies  with  scant  or  no 
MS  production  after  20  days  or  more.  When  106 
or  more  conidia/ml.  were  used  as  inoculum,  MS 
were  produced  heavily  within  4  to  5  days  in  the 


inoculated  area  of  the  plates;  radiating  hyphal 

growth  was  of  the  characteristic  white  colony 
type. 

Inoculum  densities  also  influenced  the  percen- 
tage of  variants  produced  by  MS  (unpublished) . 
When  1-ml.  and  8-ml.  quantities  of  a  24-hr.-old 
culture  of  V.  dahliae  in  MEM  were  inoculated 
into  PGAM,  MS  were  produced  heavily  with  both 
levels  of  inoculum.  MS  were  harvested,  air-dried, 
and  germinated  on  plates  of  PCDA  medium. 
When  1  ml.  and  8  ml.  of  inoculum  were  used,  the 
MS  progeny  had  1%  and  99%  haploid  variants, 
respectively;  the  latter  haploid  variants  were  of 
a  wide  spectrum  of  types. 

Cellular  concentrations  of  V.  dahliae  also  af- 
fected oxygen  consumption  by  cells  produced 
within  autoconidiating  cultures  (unpublished). 
Cells  from  5-  to  10-day-old  cultures  were  washed 
in  distilled  deionized  water  by  centrifugation  at 
2°  C.  Oxygen  consumption  then  was  studied  with 
a  Gilson  model  KM  Oxygraph  (vibrating  plati- 
num electrode)  in  0.01  M  KC1  or  distilled  water. 
Oxygen  consumption  was  not  detected  for  10  to 
15  min.  after  cells  were  warmed  to  25°  C,  but  it 
then  began  slowly  and  accelerated  gradually  to  a 
constant  rate.  The  duration  of  the  lag  period  was 
inversely  related  to  conidial  concentrations  from 
2X108  to  6x10s  conidia/ml.  Oxygen  consump- 
tion established  at  a  constant  rate  was  eliminated 
again  temporarily  by  rewashing  the  conidia.  The 
supernatant  contained  factors  that  rapidly  stim- 
ulated freshly  washed  conidia  to  maximum  rates 
of  oxygen  consumption.  Cells  that  are  asyn- 
chronous in  development  and  metabolism  may 
have  metabolic  interdependences  due  to  gene  re- 
pressions and  derepressions,  much  as  in  tissues 
of  higher  organisms.  This  might  be  particularly 
true  in  liquid  shake  cultures  where  each  cell  is 
bathed  in  the  byproducts  of  the  entire  popula- 
tion. When  excretion  products  are  removed  by 
washing,  a  temporary  disruption  of  interactions 
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might  occur  until  sufficient  cellular  exudation  or 
leakage  restores  the  original  relationships. 

Interactions  of  host  constituents  and  conidia 
may  exist  within  invaded  vessels  of  the  plant. 
Autoconidiation  appears  to  be  the  primary 
means  of  growth  by  V.  albo-atrum  (MS)  in  cot- 


ton (1 03) ,  and  resting  structures  form  only  after 
host  tissues  are  dead.  Materials  in  xylem  fluids, 
at  least  during  early  stages  of  disease  develop- 
ment, might  influence  differentiation  and  excre- 
tion patterns  of  the  fungus.  This  is  an  area  that 
needs  investigation. 


NUCLEI  IN  LIVING  CELLS 


Nuclei  are  not  readily  visible  in  living  cells  of 
V erticillium  spp.  under  the  light  microscope. 
Thus,  nuclear  staining  has  been  used  to  deter- 
mine nuclear  numbers  in  conidia,  hyphae,  and 
resting  structures  (114,  239,  246,  338,  452,  456, 
526) .  Since  the  nuclear  membrane  is  not  visible 
in  stained  preparations,  the  location  of  the 
stained  material  is  not  certain.  Electron  micro- 
graphs of  conidia  and  MS  cells  of  V.  albo-atrum 
(MS)  showed  a  single  nucleus  with  a  double 
membrane  and  pores  (101,  103,  unpublished). 
The  nucleus  was  usually  located  centrally  in 
cells.  The  average  nuclear  diameter  of  haploid 


and  diploid  conidia  in  electron  micrographs  was 
1.24  and  2.54  respectively,  but  the  largest  dip- 
loid nucleus  had  a  diameter  of  4.8  fi  (unpub- 
lished) . 

Nuclei  in  living  haploid  or  diploid  conidia  and 
hyphae  of  V erticillium  spp.  can  be  clearly  seen  if 
slides  are  prepared  with  a  minimum  distance  be- 
tween the  slide  and  coverslip  and  if  oil-immer- 
sion, phase-contrast  optics  is  used.  I  have  used 
MEM  as  a  suspending  medium.  The  clarity  of 
nuclei  usually  increases  with  time  after  a  slide  is 
prepared. 


NUCLEAR  APPEARAND 

Nuclear  behavior  was  studied  in  live  cells  of  a 
haploid  and  homozygous  diploid  of  isolate  T9  of 
V.  dahliae  (unpublished).  Nuclei  corresponded 
in  number,  location,  and  size  to  those  seen  in  elec- 
tron micrographs.  Each  conidium  had  a  single, 
round,  centrally  located  nucleus  that  contained 
a  single,  spherical  nucleolus  appressed  to  the  in- 
ner surface,  (figs.  1  and  2)  or  two  nucleoli  lo- 
cated at  opposite  sides  within  the  nucleus.  The 
nucleus  appeared  as  a  light  sphere  against  a  dark 
cytoplasmic  background,  while  the  nucleolus  ap- 
peared as  a  dark  sphere  and  helped  distinguish 
the  nucleus  from  vacuoles. 

Binucleate  hyphal  tips  and  binucleate  diploid 
conidia  were  rarely  observed.  Conidia  that  were 
binucleate  at  the  time  of  inception  soon  formed 
a  septation  midway  between  the  nuclei,  resulting 
in  a  two-celled  conidium.  Binucleate  hyphal  tips 
behaved  similarly.  An  aggregation  of  several 
small  cytoplasmic  particles,  visible  under  the 
light  microscope,  was  associated  with  septation. 
Growth  of  the  septation  began  from  the  inside 
wall,  progressed  towards  the  hyphal  center,  and 

NUCLEAR 

Nuclear  volumes  varied  over  a  64-fold  range 
in  conidia  of  V.  dahliae  (unpublished).  In  gen- 
eral, nuclear  volume  was  proportional  to  cell 


I,  NUMBER,  AND  SIZE 

was  completed  within  several  minutes  at  24°  C. 
Occasionally,  two  septations  were  simultaneous- 
ly formed  close  to  each  other  when  the  two  nuclei 
were  widely  separated  within  the  hyphal-tip  cell. 
The  short  cell  formed  between  the  septations  was 
anucleate  (figs.  1  and  10).  Nuclear  division  in 
living  cells  was  not  observed  even  under  condi- 
tions where  growth  continued. 

Figures  1  and  4  show  spherical  nuclei  within 
hyphal  cells  from  germinated  diploid  conidia. 
More  commonly,  hyphal  nuclei  were  greatly  en- 
larged, compared  to  conidial  nuclei,  and  oval 
(figs.  6,  9,  and  10) .  The  nucleus  filled  the  inter- 
nal diameter  of  the  hypha  and  was  often  10  n  or 
more  long  (figs.  9  and  10).  The  nucleus  of  hy- 
phal-tip cells  was  usually  midway  between  the 
tip  and  the  septation.  The  length  of  hyphal-tip 
cells  and  nuclei  varied  extensively  between  adja- 
cent hyphae  within  a  colony.  Electron  micro- 
scopy of  hyphal-tip  cells  within  these  same  iso- 
lates also  showed  that  nuclei  were  broad  and  long 
(personal  communication,  C.  E.  Bracker  and  S. 
N.  Grove) . 

VOLUME 

size.  The  various  cells  in  figures  1-12  are  all 
magnified  to  the  same  extent  (X  1,430) .  The  di- 
mensions of  the  largest  diploid  conidium  in  fig- 
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ure  1  were  as  follows:  length,  16.1  width,  6.3 
jx;  nuclear  diameter,  4.2  jx;  nuclear  volume,  38.8 
ju.3;  nucleolar  diameter,  2.1  /x;  nucleolar  volume, 
4.9  /x3.  The  smallest  diploid  conidium  in  figure  2 
had  a  nuclear  volume  of  only  4.9  p?,  but  this  was 
larger  than  the  nuclear  volume  of  the  smallest 
haploid  conidium  in  figure  8  (0.62  /x3).  The  nu- 


cleus (3.5-xt  diameter)  in  the  preautoconidiating 
haploid  conidium  in  figure  5  had  an  approximate 
volume  of  22.5  n3,  which  was  36  times  greater 
than  that  of  the  smallest  haploid  conidium  in  fig- 
ure 8.  These  comparisons  illustrate  the  range  of 
nuclear  volumes  within  conidia  of  the  species. 
( Continued  on  p.  31 ) 
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Figures  1-4. —  (x  1,430)  Nuclei  in  living  conidia  and  hyphae  of  a  homozygous  diploid  of  isolate  T9  of  Verticillium 
dahliae  grown  for  5  days  in  MEM  shake  cultures.  (1)  Mononucleate  (n)  conidial  and  hyphal  cells  with  promi- 
nent nucleoli  (nu)  ;  ac  =  anucleate  cell.  (2)  Four  mononucleate  diploid  conidia;  the  smallest  appears  to  have  a 
filamentous  nucleolus  (f-nu)  extending  into  the  cytoplasm.  (3)  A  two-celled  diploid  conidium;  each  cell  has  one 
nucleus.  (4)  Conidial  production  by  an  enlarged,  germinated,  diploid  conidium;  note  the  mononucleate  condi- 
tion of  the  parent  conidium,  the  phialide  cell,  and  the  newly  formed  conidium;  the  latter  has  a  filamentous 
nucleolus  (f-nu). 
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Figures  5-8. —  (  x  1,430)  Nuclei  in  living  cells  of  the  haploid  T9  isolate  of  Verticillium  dahliae  grown  for  3  to  4  days 
in  MEM  shake  cultures.  (5)  Enlarged,  autoconidiating  conidia  with  large  nuclei  (n)  prior  to  production  of 
small  new  conidia.  (5A,  inset)  Autoconidiating  cells  with  outside  surface  of  vacuoles  (v)  coated  with  chains  of 
small  particles;  note  that  each  nucleus  is  in  contact  with  a  vacuole.  (6)  Verticillate  conidiophore  with  enlarged 
nuclei  (n)  and  vacuoles  (v).  (7,  8)  Conidia  of  two  different  sizes  and  nuclear  volumes  separated  into  relatively 
homogenous  groups  by  sucrose  density-gradient  centrifugations  as  described  in  the  text.  Conidia  in  figs.  7  and 
8  collected  on  40 %  to  50%  sucrose  layers,  respectively,  after  1  hr.  centrifugation  at  4,100  x  ff- 
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Figures  9-12. —  (x  1,430)  (9,  10)  Enlarged  and  elongated  nuclei  (n)  and  nucleoli  (nu)  in  living  hyphal  cells  at  the 
colony  periphery  of  a  homozygous  diploid  of  isolate  T9  of  Verticillium  dahliae  grown  on  PCD  A  medium.  Note 
the  mononucleate  condition  of  cells  delimited  by  septations  (s)  ;  ac  =  anucleate  cell.  (11,  12)  Microsclerotial 
cells  produced  by  isolate  T9  of  V.  dahliae  grown  in  MEM.  Note  the  large  bodies  within  the  single,  very  large  MS 
cell  in  fig.  12,  and  compare  the  range  of  cell  sizes  with  fig.  8. 
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Nuclei  in  young  haploid  verticillate  conidio- 
phores  had  volumes  of  approximately  11.5  n3 
(fig.  6) ,  which  was  about  18  times  greater  than 
the  nuclear  volume  of  newly  formed  haploid  con- 
idia.  The  total  cell  volume  of  newly  formed  hap- 
loid conidia  was  often  less  than  the  volume  of  in- 
dividual nuclei  within  young  conidiophores. 
Thus,  sibling  conidia  could  not  inherit  half  of  the 
nuclear  volume  possessed  by  the  parent  conidio- 
phore  cell.  Unequal  nuclear  propagation  appears 
to  be  involved. 


Nuclear  volume  and  cell  size  were  closely  re- 
lated except  in  autoconidiating  conidia  (unpub- 
lished). Initially  these  conidia  enlarged  and 
underwent  a  simultaneous  increase  in  nuclear 
volume.  The  nucleus  was  largest  just  before 
autoconidiation  began  (fig.  5).  As  autoconidia- 
tion  proceeded  to  form  numerous  conidia,  how- 
ever, the  nucleus  of  the  mother  cell  became  pro- 
gressively smaller.  The  mother  nucleus  appeared 
to  give  up  a  portion  of  itself  to  each  sibling  coni- 
dium. 


The  nucleolus  in  V erticillium  spp.  was  ap- 
pressed  to  the  inner  nuclear  surface  and  often 
appeared  to  extend  into  the  cytoplasm  (figs.  2 
and  4),  since  the  dark  nucleolus  frequently  was 


THE  NUCLEOLUS 

micrographs  also  revealed  extensions  of  the 
outer  nuclear  envelope,  which  appeared  as  endo- 
plasmic reticulum  connected  to  cytoplasmic  or- 


continuous  with  cytoplasmic  strands.  Electron      ganelles  such  as  mitochondria  (unpublished) 

BUOYANT  DENSITIES  OF  CONIDIA 


Conidia  were  placed  on  discontinuous  sucrose 
gradients  differing  by  10%,  5%  and  1%  incre- 
ments and  were  centrifuged  for  1  hr.  at  4,100, 
4,100  and  8,000  X  g,  respectively,  to  effect  sep- 
arations. Individual  layers  of  conidia  then  were 
removed  with  a  syringe  and  washed  by  centri- 
fuging  in  water  or  buffer.  Suspending  conidia  in 
up  to  60%  sucrose  at  24°  C.  for  several  hours  did 
not  affect  germination  if  the  sucrose  was  then 
removed  by  dilution  and  centrifugation. 

Buoyant  densities  of  living  conidia  were  large- 
ly between  1.079  (20%  sucrose)  and  1.255  (55% 
sucrose)  at  25°  C.  (unpublished) .  Conidial  popu- 
lations underwent  shifts  in  buoyant  density  as 
cultures  aged.  The  majority  of  conidia  from  3- 
day-old  liquid  cultures,  initiated  from  haploid 
hyphal  tips,  passed  through  40%  sucrose  and 


formed  a  major  band  on  a  50%  sucrose  layer  and 
a  minor  band  on  60%  sucrose.  Conidia  from  4- 
day-old  cultures  formed  major  bands  on  40% 
and  50%  sucrose  layers  and  a  minor  one  on  60% 
sucrose.  After  cultures  aged  further,  the  majori- 
ty of  conidia  collected  on  top  of  30%  and  40% 
sucrose  layers.  In  old  cultures  the  smallest  conid- 
ia had  the  greatest  density  and  collected  on  top 
of  the  50%  and  60%  sucrose  layers.  Increasingly 
larger  conidia  had  progressively  lower  buoyant 
densities.  The  largest  conidia  collected  on  top 
of  a  20%  sucrose  layer. 

Haploid  and  diploid  conidia  were  not  sepa- 
rated in  sucrose  density  gradients.  However, 
diploid  conidia  became  concentrated  on  45%  to 
55%  sucrose  layers  and  changed  less  than  hap- 
loids  in  buoyant  density  during  aging. 


POLYTENY 


Polyteny  (or  endopolyploidy)  is  sometimes  as- 
sociated with  cellular  differentiation  in  organ- 
isms. For  example,  enlarged  salivary  gland  cells 
of  Drosophila  contain  large  interphase  chromo- 
somes duplicated  approximately  1,024  times 
(146);  this  represents  10  consecutive  replica- 
tions of  the  diploid  complement  without  nuclear 
division.  Large  nuclei  in  giant  neurons  of  the 
marine  mollusk  Aplysia  calif ornica  contain  more 
than  200,000  times  as  much  DNA  as  haploid 
sperm  cells  (316).  Liver  nuclei  of  humans  are 
tetraploid  (146) .  In  some  plant  species  epiderm- 
al cells  and  trichomes  are  polytenic  or  endopoly- 


ploid  (528) .  Cell  size  among  algae  and  other  or- 
ganisms is  related  to  DNA  content  (259) . 

Several  observations  suggest  that  certain  cells 
of  V.  dahliae  are  polytenic:  (1)  Within  geneti- 
cally pure  haploid  cultures,  the  smallest  haploid 
conidia  were  approximately  14  /x3,  whereas  the 
largest  MS  cells  were  33,500  fi3  (unpublished); 
thus  more  than  a  2,000-fold  difference  in  cell 
volumes  and  at  least  a  64-fold  difference  in  nu- 
clear volumes  was  observed.  (2)  Conidial  frac- 
tions from  sucrose  density  gradients  exhibited 
pronounced  differences  in  ultraviolet  (UV)  kill- 
ing curves  ( Puhalla  and  Tolmsof f ,  unpublished) . 
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The  smallest  conidia  gave  killing  curves  that  ap- 
proached theoretical  expectations  for  a  mononu- 
cleate, monotenic,  haploid  state,  whereas  the 
larger  conidia  showed  increased  resistance  to 
(UV)  irradiation  and  behaved  as  though  they 
had  increasing  multiples  of  the  genome.  (3) 
Polyteny  could  explain  a  phenomenon  associated 
with  diploidization  in  D  medium  (555).  Hyphae 
and  conidia  rounded  up,  enlarged  to  10  to  15  p. 


in  diameter,  and  formed  thick-walled,  unpig- 
mented  cells.  Only  after  a  lag  of  several  days  did 
these  cells  begin  to  yield  diploids,  which  ap- 
peared to  be  formed  intracellularly.  These  en- 
larged cells  may  have  initially  been  polytenic 
haploids  that  gradually  underwent  total  diploid- 
ization by  a  process  involving  end-to-end  connec- 
tion between  haploid  chromosomes,  as  described 
previously  (55  U) . 


CONIDIAL  FORMATION 


During  autoconidiation,  a  large  spherical  vac- 
uole appeared  in  the  mother  cell  (fig.  5)  and 
grew  larger  as  conidia  were  produced.  Similar 
structures  were  present  in  verticillate  conidio- 
phores  originating  from  hyphae  (fig.  6). 

These  vacuoles  are  in  direct  contact  with  the 
nucleus  (fig.  5)  and  usually  separate  it  from  the 
phialide  tip.  Buckley  et  al.  (103)  also  empha- 
sized that  the  nucleus  of  the  autoconidiating 
conidium  remained  a  distance  back  of  the  phi- 
alide tip.  However,  they  illustrated  the  nucleus 
as  occurring  on  the  phialide  side  of  the  vacuole, 
as  in  figure  5/1. 

In  living  cells  the  outside  surface  of  the  vacu- 
ole membrane  became  coated  with  numerous 
small  connected  structures  that  resembled  beads 
in  a  chain  (fig.  5 A) .  These  beadlike  structures 
and  a  larger  body  corresponding  to  the  nucleus 
were  stained  by  the  Feulgen  method  of  DNA 


staining  (unpublished).  Occasionally,  the  stain- 
ed chains  seemed  to  originate  from  the  nucleus. 
Mother  cells  exhibiting  these  structures  con- 
tained much  more  Feulgen-positive  material 
than  that  inherited  by  their  new  conidia. 

Buckley  et  al.  (103)  pointed  out  that  identifi- 
able organelles  appeared  in  the  developing  con- 
idium only  after  it  had  enlarged.  I  have  con- 
firmed this.  However,  a  chain  of  units  that 
stained  with  the  Feulgen  reagent  was  present  in 
the  developing  conidium  before  nuclei  or  mito- 
chondria could  be  seen  with  the  electron  micro- 
scope (unpublished).  Additional  studies  are 
needed  to  determine  whether  preformed  organ- 
elles migrate  from  the  mother  cell  into  the  de- 
veloping conidium,  or  whether  each  conidium 
inherits  a  basic  unit  of  the  genome  from  which 
the  various  organelles  subsequently  develop. 


STAINED  NUCLEI 


Roth  and  Brandt  (A56)  used  Feulgen  stain, 
but  could  not  determine  what  constituted  a  nu- 
cleus or  chromosome  in  V.  albo-atrum  (MS). 
Heale  et  al.  (2UQ)  used  Feulgen  and  Giemsa 
stains  with  V.  albo-atrum  (DM)  and  concluded 
that  the  conidial  nucleus  assumes  a  horseshoe 
shape  before  forming  a  ringed  constellation  in 
which  a  number  of  chromosomes  are  joined  by  a 
fine  thread.  They  suggested  a  haploid  count  of 
four  chromosomes,  but  observed  other  numbers 
of  stained  bodies  per  cell. 

MacGarvie  and  Isaac  (338)  used  Azur  A  for 
staining  nuclei  of  V.  albo-atrum  (DM),  V.  dahl- 
iae,  V.  nigrescens,  V.  nubilum,  and  V.  tricorpus 
and  concluded  that  conidia  of  all  the  species  of 
Verticillium  tested  except  those  of  V.  nubilum 
were  uninucleate.  The  phialide  cells  and  resting 
bodies  of  all  species  tested  were  also  uninucleate. 
Hyphal  tips  were  multinucleate,  containing  up  to 


fifteen  nuclei,  but  mature  hyphal  cells  were  uni- 
nucleate. During  the  first  nuclear  division  in  the 
conidium  the  "chromatin  granules"  were  con- 
stant, both  in  number  and  in  arrangement;  six 
"granules"  were  disposed  in  two  rows  of  three, 
one  being  much  smaller  and  more  indistinct  than 
the  others. 

MacGarvie  and  Isaac  (338)  described  nuclei 
in  resting  bodies  of  Verticillium  spp.  as  invari- 
ably very  small  (0.05-0.25  /x),  spherical  and 
densely  and  uniformly  stained.  However,  elec- 
tron micrographs  (101,  unpublished)  revealed 
that  the  nucleus  in  MS  cells  had  at  least  a  3-^ 
diameter.  Sections  through  older,  central  cells 
of  MS  did  not  reveal  nuclei,  although  other  or- 
ganelles were  present. 

When  Feulgen  stain  was  applied  after  hydrol- 
ysis in  1  N  HC1  at  60°  C.  for  10  min.,  walls  of  MS 
cells  or  cells  undergoing  conversion  to  MS  stain- 
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ed  a  magenta  color  (unpublished).  Walls  of  MS 
cells  of  an  albino  isolate  of  V.  dahliae  also  stained 
magenta.  Walls  of  enlarged,  autoconidiating 
conidia  did  not  stain. 

As  MS  cells  enlarged,  the  nucleus  enlarged, 
and  the  amount  of  Feulgen-positive  material  ap- 
peared to  increase  (unpublished).  The  nucleus 
stained  as  a  large,  complex  structure,  suggesting 
a  polychromosomal  condition  (554) .  As  the  cells 
aged,  chromosomes  appeared  to  be  dispersed 
throughout  the  interior  of  the  cells.  This  may 
have  coincided  with  the  time  at  which  electron 
microscopy  failed  to  reveal  an  organized  nucleus. 

MacGarvie  and  Isaac  (338)  pointed  out  that 
occasionally,  the  granules  became  widely  sepa- 
rated and  dispersed  in  the  conidium  and  were 


usually  visible  against  a  very  weakly  stained 
background.  Newly  formed  conidia  or  those 
undergoing  formation  at  the  phialide  tip  con- 
tained a  connected  chain  of  units  that  stained 
with  the  Feulgen  reagent  (unpublished).  These 
units  were  scattered  throughout  the  cell,  and  an 
organized  nucleus  was  not  evident  until  the  con- 
idium underwent  further  development.  Reports 
of  two  or  more  nuclei  per  stained  conidium  or 
hyphal  cell  (114,  239,  338,  452,  456)  also  might 
be  due  to  a  scattered  occurrence  of  the  DNA 
units.  However,  since  the  nuclear  membrane  was 
not  evident  with  the  light  microscope  after  stain- 
ing (246),  nuclear  damage  also  might  result  in 
occasional  dispersion  of  Feulgen-stained  ma- 
terials within  cells. 


HETEROKARYONS 


Hansen  (234)  proposed  that  conidia  of  wild- 
type  isolates  of  V.  albo-atrum  (MS)  were  multi- 
nucleate and  heterokaryotic.  Neither  of  these 
conditions  has  been  found  through  nuclear  stain- 
ing (114,  239,  241,  246,  338,  452,  456,  526),  elec- 
tron microscopy  (101, 103,  unpublished),  direct 
observation  of 'living  nuclei  (figs.  1-8),  or  gen- 
ii etic  studies  (191,  239,  240,  241,  245,  457,  554). 
Wild-type  isolates  appear  to  be  haploid  and 
mononucleate. 

Heterokaryons  of  DM  and  MS  types  of  V. 
I  albo-atrum  have  been  indicated  by  genetic  stud- 
|  ies  of  auxotrophic  haploids  formed  by  UV  ir- 
radiations (191,  239,  240,  241,  242,  243,  245). 
!  However,  the  possibility  of  crossfeeding  between 
I  the  auxotrophic  haploids  was  not  strictly  ex- 
cluded, nor  were  binucleate  or  polynucleate  con- 
:  ditions  demonstrated.  Parmeter  et  al.  (408) 
pointed  out  that,  except  for  rust  and  smut  fungi, 
evidence  for  heterokaryons  among  pathogenic 
fungi  is  generally  lacking.  While  heterokaryons 
have  been  inferred  from  genetic  studies,  the  im- 
portant criterion  of  at  least  a  binucleate  condi- 
j  tion  has  seldom  been  demonstrated. 

MacGarvie  and  Isaac  (338)  found  that  mature 
hyphal  cells  of  a  heterokaryotic  culture  of  Verti- 
I  cillium  were  mononucleate.  They  suggested  that 
heterokaryons  might  exist  only  in  multinucleate 


hyphal-tip  cells,  which  contained  1  to  15  nuclei, 
and  that  monokaryons  might  be  formed  in  ma- 
turing hyphal  cells.  Hastie  (239)  pointed  out 
that  heterokaryotic  cultures  of  V.  albo-atrum 
(DM)  did  not  produce  heterokaryotic  conidia 
even  though  a  small  percentage  of  the  conidia 
were  apparently  multinucleate.  Heterokaryotic 
cultures  produced  only  haploid  conidia  of  the 
two  parental  genotypes  and  diploid  conidia. 

I  have  examined  two  of  Dr.  John  Puhalla's 
heterokaryons  formed  from  diauxotrophic  hap- 
loid mutants  of  isolate  T9  of  V.  dahliae.  The  liv- 
ing hyphal-tip  cells  and  mature  hyphal  cells  were 
mononucleate  (unpublished).  In  one  of  the  het- 
erokaryons the  prototrophic  diploid  was  formed 
very  frequently  and  intrahyphal  hyphae  origi- 
nated at  points  of  septation  a  few  cells  back  of 
the  hyphal-tip  cells.  These  narrower  hyphae 
often  grew  longitudinally  through  several  hy- 
phal cells  and  occasionally  emerged  through  hy- 
phal tips  or  at  other  points  by  branching.  Emerg- 
ing branches  sometimes  produced  large  conidia 
typical  of  diploids. 

The  cytology,  especially  the  nuclear  behavior, 
of  heterokaryons  needs  to  be  thoroughly  studied. 
This  is  particularly  important  for  the  correct  in- 
terpretation of  genetic  studies  of  the  fungus. 


ENDOCONIDIA 

The  formation  of  intrahyphal  conidia  (endo-  hyphal  segment  in  which  conidia  typical  in  di- 
conidia)  in  V.  albo-atrum  (DM)  was  reported  mensions  for  haploids  were  present  in  a  tight 
by  Aube  and  Pelletier  (23).  They  illustrated  a      cluster.  Buckley  et  al.  (103)  also  reported  endo- 
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conidia  in  V.  albo-atrum  (MS) .  I  have  found  up 
to  16  endoconidia  typical  in  dimensions  for  hap- 
loids  produced  within  individual  hyphal  cells  of 
V.  dahliae  (unpublished).  The  hyphal  contents 
were  converted  entirely  into  conidia  that  lay 
obliquely  against  each  other  as  illustrated  by 


Aube  and  Pelletier  (23) .  The  rare  production  of 
endoconidia  is  consistent  with  the  concept  of  a 
polytenic  hyphal  nucleus.  Under  the  right  condi- 
tions monotenization  of  the  nucleus  might  occur 
within  individual  hyphal  cells  and  result  in  the 
formation  of  numerous  endoconidia. 


GERMINATION  OF  RESTING  STRUCTURES 


Reinke  and  Berthold  (44-3)  reported  that  hy- 
aline hyphae  originated  from  dark  cells  of  V. 
albo-atrum  (DM)  that  had  been  dried  for  several 
months  and  then  placed  in  a  moist  atmosphere. 
Isaac  and  MacGarvie  (281,  282)  found  that  DM 
cells  of  V.  albo-atrum  germinated  at  their  ends 
or  along  the  sides  as  hyaline  germ  tubes  that 
often  branched.  Within  6  hr.  simple  conidio- 
phores  and  conidia  were  formed.  Schnathorst 
(478)  observed  germination  only  from  hyaline 
hyphae  in  a  DM  isolate  of  V.  albo-atrum.  Taylor 
(547)  found  that  MS  of  V.  tricorpus  germinated 
by  the  production  of  conidia. 

Isaac  and  MacGarvie  (281,  282)  observed  the 
germination  of  spherical  and  dumbbell-shaped 
MS  cells  of  V.  dahliae,  which  varied  in  pigmenta- 
tion from  pale  yellow  to  almost  black.  Only  the 
more  lightly  pigmented  thin-walled  cells  germi- 
nated to  form  hyaline  germ  tubes  and  conidia 
12  to  24  hr.  Gordee  and  Porter  (208)  and 
Schreiber  and  Green  (497)  also  observed  germi- 
nation of  only  the  more  lightly  pigmented  MS 
cells  of  V.  albo-atrum.  However,  Schnathorst 
(478)  was  able  to  germinate  only  certain  seg- 
ments of  hyaline  hyphae,  hyaline  chlamydospore- 
like  cells,  and  unpigmented  MS  cells.  Schnathorst 
(478)  and  Isaac  and  MacGarvie  (282)  pointed 
out  the  variety  of  techniques  used  to  produce  and 
analyze  the  germination  of  MS  by  different  in- 
vestigators. These  variations  in  techniques 
might  contribute  to  the  discrepancies  among  the 
types  of  cells  observed  to  germinate. 


Hyaline  cells  at  the  periphery  of  black  MS 
lacked  internal  organization  and  appeared  dead 
under  the  electron  microscope  (101,  unpub- 
lished). The  pigmented  cells  contained  mito- 
chondria and  occasional  nuclei,  and  the  cyto- 
plasm appeared  to  retain  connections  between 
cells  through  pores.  Brown  and  Wyllie  (101) 
suggested  that  when  the  heavily  pigmented  MS 
cells  germinated,  the  germ  tube  often  penetrated 
through  the  dead  hyaline  cells  to  give  the  super- 
ficial appearance  of  germination  by  the  latter 
under  the  light  microscope. 

Black  cells  of  V.  albo-atrum  (MS)  retained 
viability  after  air-drying,  whereas  conidia  and 
hyaline  hyphae  were  killed  (554).  Schnathorst 
(478)  also  found  that  conidia  of  V.  albo-atrum 
(MS)  were  killed  by  air-drying  for  20  min.,  but 
certain  hyaline  hyphal  cells  retained  viability. 
Hyaline  chlamydosporelike  cells  retained  viabil- 
ity in  white  variants  of  V.  albo-atrum  (MS) 
(478,  unpublished).  Isolates  that  failed  to  pro- 
duce MS  cells  or  hyaline  chlamydospores  could 
not  be  revived  after  air-drying  (unpublished). 
The  black  pigment  apparently  was  not  the  criti- 
cal factor  because  an  isolate  of  V.  dahliae  that 
produced  albino  MS  survived  air-drying  as  did 
isolates  that  produced  black  MS  (unpublished). 
After  several  weeks  of  drying,  a  higher  percent- 
age of  the  albino,  compared  to  black,  MS  cells 
germinated. 


DORMANCY 


Isaac  and  MacGarvie  (281,  282)  found  a 
dormancy  in  the  resting  structures  of  V.  albo- 
atrum  (DM),  V.  dahliae,  V.  tricorpus,  and  V. 
nubilum,  but  not  in  V.  nigrescens.  Vitamins, 
amino  acids,  enzymes,  detergents,  soil  extracts, 
root  exudates,  alternate  wetting  and  drying, 
high  oxygen  levels,  heat  shock,  and  freezing  and 
thawing  failed  to  induce  germination.  Soaking 
resting  structures  in  distilled  water  for  12  hr., 


followed  by  plating  on  nutrient  agar,  led  to  a 
large  percentage  of  germination.  They  suggested 
that  inhibitory  factors  might  have  to  be  removed 
before  the  resting  structures  could  germinate. 

Schreiber  and  Green  (497)  found  that  root 
exudates  from  tomato  stimulated  the  germina- 
tion of  MS  from  V.  albo-atrum  (MS) .  Root  exu- 
dates from  wheat  were  less  effective.  Farley  et 
al.  (180)  also  observed  a  larger  percentage  of 
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MS  germination  in  the  rhizosphere  of  cotton 
seedlings  than  in  unamended  soil. 

Germination  of  air-dried  MS  from  various  iso- 
lates of  V.  dahliae  in  PCDA  medium  was  highly 
asynchronous,  suggesting  dormancy  (unpub- 
lished). After  being  washed  and  plated  on 
PCDA,  the  majority  of  viable  MS  propagules 
germinated  in  24  to  48  hours,  but  some  required 
up  to  24  days  for  germination.  Studies  of  Men- 
zies  and  Griebel  (361)  and  Farley  et  al.  (180) 
also  indicated  asynchronous  germination  of  MS 
of  V.  dahliae  and  V.  albo-atrum  in  soil.  When 


soils  amended  with  MS  were  moistened,  the  pop- 
ulation of  viable  propagules  was  elevated  (180, 
361).  However,  this  increase  was  largely  lost 
when  the  soil  was  again  dried,  suggesting  that 
conidia  account  for  the  temporary  increase.  Far- 
ley etal.  (180)  directly  observed  conidial  forma- 
tion by  MS  in  soil.  Up  to  eight  repeated  wetting 
and  drying  cycles  led  to  repeated  temporary  in- 
creases in  numbers  of  viable  propagules  (180, 
361).  This  indicates  a  wide  range  in  degrees  of 
dormancy  among  the  cells  of  individual  MS. 


ROLE  OF  MS  AND  CONIDIA  IN  INFECTION 


Green  (213)  and  Schreiber  and  Green  (496) 
compared  MS,  conidia,  and  conidia  plus  hyphae 
of  V.  albo-atrum  (MS)  as  infective  propagules 
in  soil.  When  tomatoes  were  transplanted  into 
freshly  infested  soil,  50,000  conidia/g.,  or  only 
100  MS/g.,  were  required  for  100%  infection 
(213).  After  82  weeks  of  storage  in  moist  soil, 
0.5  mg.  of  MS/g.  of  soil  continued  to  cause  100% 
infection,  whereas  1,  3,  or  7  mg.  of  conidia  plus 
hyphae/g.  of  soil  caused  no  infection  after  14 
weeks  (496). 

The  nature  of  the  infection  process  associated 
with  MS  in  the  soil  is  not  clearly  defined.  Isaac 
(278)  noted  that  both  wild-type  and  white  vari- 


ant isolates  of  V.  dahliae,  V.  nigrescens,  and  V. 
nubilum  formed  intercellular  resting  structures 
before  entry  into  host  cells.  He  stated,  "It  could 
be  argued,  therefore,  that  resting  bodies  prob- 
ably contain  the  essential  substances  (e.g.,  en- 
zymes) necessary  for  initial  infection  and  that 
they  may  function  as  a  'jumping  off  board'  for 
penetrating  hyphae."  Since  V.  albo-atrum  (DM) 
and  V.  dahliae  are  relatively  ineffective  as  sapro- 
phytes in  the  soil  (278) ,  a  mechanism  for  rapid 
root  infection  is  essential  to  their  survival  and 
might  be  provided  by  the  germination  of  resting 
structures. 


Nesting  structures  and  heritable  variability 


Hyaline  sectors  occur  frequently  in  cultures 
of  V.  dahliae,  V.  albo-atrum  (DM),  V.  nubilum, 
and  V.  tricorpus,  but  not  in  V.  nigrescens  (278). 
Wild-type  isolates  of  V.  albo-atrum  (MS  and 
DM  types)  are  highly  unstable  and  readily  yield 
variants  through  mass  transfers  or  single-spore 
propagation  (92,  114,  234,  426,  427,  452,  457). 
The  appearance  of  variants  is  associated  with 
production  of  pigmented  MS  or  DM  (92,  234, 
452,  457)  and  aging  of  cultures  (92,  247,  427, 
457). 

Roth  and  Brandt  (457)  found  no  variants 
among  7,175  conidial  progeny  from  isolates  of  V. 
albo-atrum  (MS)  reared  in  light,  which  inhib- 
ited pigment  and  MS  production.  Conidia  from 
the  same  isolates  gave  6%  to  33%  variants  when 
cultures  were  grown  in  dark  where  MS  were 
produced.  Similarly,  D  medium,  which  sup- 
pressed formation  of  MS,  stabilized  the  genome 
and  prevented  the  appearance  of  haploid  vari- 
ants, but  permitted  the  formation  of  homo- 
zygous diploids  (555).  Brandt  and  Roth  (92) 


found  only  one  variant  among  approximately 
33,000  conidial  progeny  from  five  white  vari- 
ants. In  contrast,  five  black  colonies  produced 
nearly  1,000  variants  among  2,600  conidial  pro- 
geny. Hyaline  MS  cells  of  an  albino  isolate  of  V. 
dahliae  gave  no  variants  among  an  estimated 
50,000  MS  progeny  (unpublished).  The  black 
parent  of  the  albino  gave  248  variants  out  of 
2,722  MS  progeny  and  24  variants  out  of  5,005 
conidial  progeny  (554). 

Pigmented  MS  cells  of  V.  albo-atrum  were  a 
direct  source  of  numerous  haploid  variants 
(554).  Conidial  variants,  however,  were  usually 
confined  to  white  or  near-white  types,  which 
were  also  recovered  from  MS.  Thus,  haploid  vari- 
ants might  be  formed  within  MS  cells,  but  only 
certain  types  grow  and  sporulate  within  the  par- 
ent colony.  Because  of  parental  numerical  su- 
periority, conidial  analysis  would  detect  primar- 
ily the  latter  variants,  whereas  MS  germination 
would  reveal  a  broader  spectrum  of  variants. 

Parental  dominance  over  variants  was  es- 
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pecially  evident  in  dwarf  isolates  (554).  MS 
cells  of  the  dwarfs  contained  numerous  variants, 
of  which  many  had  normal  growth  rates;  how- 
ever, all  variants  that  sectored  out  of  the  dwarf 
colonies  retained  dwarf  growth  rates.  V-shaped 
sectors  in  haploid  colonies  are  probably  due  to 
variants  that  dominate  the  parent. 

Interactions  between  isolates  of  V.  albo-atrum 
(MS)  can  lead  to  the  production  of  greater  per- 
centages of  variants.  For  example,  Brandt  and 
Roth  (92)  paired  black  isolates  with  white  vari- 
ants in  cultures  and  analyzed  the  conidia  from 
each  a  distance  back  of  their  meeting  points. 
Two  of  three  white  isolates  remained  stable,  but 
the  black  isolates  produced  33%  to  97%  vari- 


ants; this  was  60  times  more  variants  than 
similar  black  colonies  produced  when  they  were 
reared  separately.  When  a  white  variant  produc- 
ing no  MS  was  cocultured  with  a  variant  pro- 
ducing MS  late  in  colony  development,  the  white 
variant  induced  early  and  abundant  production 
of  MS  in  the  other  variant  without  hyphal  con- 
tact (unpublished).  Approximately  33%  of  the 
induced  MS  produced  wild-type  revertant  colon- 
ies when  they  germinated;  less  than  1%  of  the 
MS  from  the  same  isolate  reared  by  itself  pro- 
duced wild-type  colonies  (unpublished).  Thus, 
different  variants  interact  to  stimulate  produc- 
tion of  new  variants  or  wild-type  revertants 
within  MS  cells. 


NATURE  AND  FUNCTION  OF  VARIANTS 


Haploid  variants  recovered  from  MS  of  V. 
albo-atrum  differed  in  morphology,  nutritional 
requirements,  and  pathogenicity  (554).  A  fre- 
quent morphological  change  encountered  was 
the  production  of  typical  pigmented  hyphae 
(DM).  Presley  (427)  also  recovered  DM  vari- 
ants of  V.  albo-atrum  (MS)  from  monoconidial 
progeny  of  MS  isolates,  but  Isaac  (273,279)  and 
Heale  and  Isaac  (247)  were  unable  to  repeat 
this  with  their  isolates.  MS  might  be  better 
sources  than  conidia  for  recovering  DM-type 
variants  within  MS  colonies. 

The  production  of  white  conidial  variants  by 
black  MS  colonies  of  V.  albo-atrum  (MS)  has 
been  considered  a  superfluous  unidirectional 
event.  Variants  obtained  from  germinated  MS, 
however,  included  numerous  types  that  produce 
MS  or  DM  (554).  The  MS  types  were  distin- 
guished from  the  wild  type  by  use  of  differential 
media  or  pathogenicity  tests. 

Pathogenicity  to  cotton  was  frequently  lost  or 
reduced  in  certain  MS  haploid  variants.  The 
same  variants,  however,  could  readily  generate 
new  forms  that  were  again  highly  pathogenic 
(554) .  Likewise,  different  variants  regenerated 
wild-type  colonies  as  a  small  percentage  of  their 
MS  progeny,  suggesting  that  many  variants 
probably  carry  the  wild-type  genome  without 
expressing  it  in  the  wild-type  manner. 

In  northern  Texas  numerous  types  of  V.  dahl- 
iae  were  present  in  diseased  cotton  (unpub- 
lished) .  Up  to  six  different  types  were  present 
in  individual  fields,  and  up  to  three  different 


types  were  isolated  from  individual  plants.  Some 
of  the  types  appeared  identical  to  haploid  vari- 
ants obtained  from  germinated  MS  in  the  labor- 
atory. All  diseased  cotton  plants  from  southern 
Texas  yielded  a  single  MS  type.  Thus,  even  in 
nature,  haploid  variants  may  comprise  a  signifi- 
cant proportion  of  the  pathogenic  types  in  cer- 
tain geographical  areas. 

Production  of  MS  variants  might  permit  the 
fungus  to  adapt  to  new  host  species  and  varieties 
or  to  new  environmental  conditions.  Fordyce  and 
Green  (190)  found  that  mint  isolates  of  V.  albo- 
atrum  (MS)  were  originally  not  pathogenic  to 
tomato.  After  passage  through  tomato,  however, 
the  isolates  became  pathogenic  to  tomato  and 
lost  pathogenicity  to  mint.  Two  isolates  that  be- 
came pathogenic  to  tomato  lost  their  ability  to 
form  MS,  and  a  third  isolate  formed  MS  later 
than  the  original  isolate. 

Numerous  host-specific  strains  of  Verticillium 
spp.  have  been  described  (41,  261,  277,  280,  346, 
398,  399,  403,  488,  489,  514,  548).  Host  specific- 
ity in  strains  of  other  pathogens  is  attributed  to 
different  genes  in  the  strains.  However,  Verti- 
cillium spp.  apparently  have  a  mechanism  of 
heritable  variability  that  does  not  involve  gain, 
loss,  change,  or  exchange  of  genes  (554).  The 
black  resting  cell  appears  to  be  a  site  where  the 
heritable  sequence  of  gene  repression  and  dere- 
pression may  be  altered  each  generation.  This 
process  may  permit  the  fungus  to  make  maxi- 
mum use  of  its  gene  pool  in  adapting  to  various 
hosts  in  different  environments. 
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THE  BASIS  FOR  VARIABILITY 


I  have  proposed  the  theory  that  haploids  and 
diploids  of  V.  albo-atrum  (MS)  contain  single 
chromosomes  with  eight  and  16  sequential 
chromomeres,  respectively  (55-4);  the  sequence 
of  the  chromomeres  is  not  permanently  fixed, 
and  genetic  expression  is  changed  when  chromo- 
meres are  repositioned.  Chromomeres  of  the 
polychromosomal  MS  cells  appeared  to  tempo- 
rarily disengage  their  connections,  scramble  ex- 
tensively for  a  short  time,  and  then  rapidly  re- 
connect to  reform  chromosomes  (55-4).  This 
would  permit  heritable  variability  within  homo- 
karyotic  cultures,  since  chromomeres  could  be 
repositioned  during  reconnection.  The  positions 
of  genes  influence  their  expression  in  higher  or- 
ganisms, and  position  has  even  been  suggested 
as  a  basis  for  the  origin  of  Drosophila  species. 

Isolates  of  V.  albo-atrum  (MS  and  DM  types) 
can  form  two  distinct  homozygous  diploids  under 
diff  3rent  environmental  conditions.  For  exam- 
ple, a  single  haploid  formed  a  diploid  auxotroph- 
ic for  L-leucine  and  nonpathogenic  to  cotton  and 
an  a  lternate  diploid  prototrophic  and  moderately 
pathogenic  (55 4) .  This  could  be  due  to  two  pos- 
sibl }  sequences  of  chromomeres  within  diploid 
chr  )mosomes.  The  identical  haploid  chromo- 


son  es  might  be  connected  head  to  tail  or  tail  to 
tai  in  diploids. 

1  he  theory  suggests  that  the  precise  sequence 
of  c  onnections  between  chromosomes  or  chromo- 
meres influences  the  pattern  of  gene  translation 
into  metabolic  events.  Diploids  carry  the  genes 
for  prototrophy  and  pathogenicity,  but  are  us- 
ually auxotrophic  and  nonpathogenic  because 
of  their  position  (554) .  Similarly,  many  haploid 
variants  are  nonpathogenic  to  cotton,  but 
through  repositioning  of  chromomeres  within 
MS  cells,  they  can  readily  yield  new  variants  or 
wild-type  revertants  that  are  pathogenic.  The 
frequency  of  variations  in  colonies  of  Verticilli- 
um  spp.  would  seem  to  preclude  gene  mutation  as 
a  cause,  and  variations  occur  under  conditions 
unfavorable  for  gene  exchange  (specifically, 
homokaryotic  cultures) . 

The  potential  number  of  connection  sequences 
for  eight  chromomeres  is  40,320.  However,  half 
of  the  connections  would  lead  to  an  identical  se- 
quence of  chromomeres  in  which  the  head-to-tail 
connection  is  reversed.  Thus,  the  number  of  vari- 
ants that  a  haploid  (or  diploid)  could  produce 
would  be  large  but  finite. 


PROBABLE  LIFE  CYCLE  OF  V.  DAHLIAE 


The  probable  life  cycle  of  V.  dahliae  is  as  fol- 
lows: 

1.  Stimulation  of  MS  germination  by  host 
root  exudates,  especially  at  flowering  time.  The 
ploidy  of  germ  cells  is  not  known,  but  eventually 
haploids  have  to  be  produced  for  infection. 

2.  Production  of  large,  possibly  polytenic, 
haploid  conidia  that  germinate  rapidly  and  in- 
fect roots. 

3.  Invasion  of  the  vascular  system  by  the  pene- 
trating haploid  hyphae. 

4.  Proliferation  of  the  haploid  within  the 
vascular  system,  primarily  by  autoconidiation; 
conidia  are  carried  and  distributed  by  the  xylem 
fluids. 

5.  Killing  of  host  tissues,  particularly  leaf 
tissues,  by  the  haploid. 

6.  Secondary  invasion  of  dead  host  tissues  by 
haploid  mycelia;  production  of  more  conidia  by 
verticillate  conidiophores. 

7.  Transition  from  haploid  to  diploid  state 
within  enlarged  hyphae  and  swollen  conidia  to 


produce  black  resting  structures  (MS)  in  the 
dead  plant  tissues. 

8.  Aging  and  internal  production  of  haploid 
variants  within  the  MS;  changes  in  dormancy 
probably  occur  with  aging. 

9.  Release  of  aged  MS  from  decomposed  plant 
residues;  random  germination  of  less  dormant 
MS  cells,  leaving  more  dormant  propagules  to 
be  stimulated  into  germination  by  root  exudates 
of  the  host. 

The  involvement  of  a  diploid  stage  in  the  life 
cycle  of  Verticillium  spp.  opens  new  possibilities 
for  controlling  the  diseases  that  their  haploids 
cause.  The  diploids  are  involved  in  producing  the 
dormant  resting  structures  and  appear  to  be  in- 
volved in  producing  the  black  pigment  and  a  wide 
range  of  haploid  variants.  Most  of  the  diploids 
are  auxotrophic.  Single  nutritional  requirements 
in  specific  diploids  have  been  adenine,  L-leucine, 
D-methionine,  and  creatine,  choline,  or  betaine 
{5 5 If).  When  provided  with  an  adequate  supply 
of  these  compounds,  the  diploids  grew  and  yield- 
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ed  their  prototrophic,  pathogenic  haploids 
through  conidial  production.  The  auxotrophy  of 
diploids  may  provide  a  mechanism  for  placing 
pathogenic  haploids  of  V erticillium  spp.  into  a 
state  of  dormancy.  Exudates  from  roots  are 
known  to  stimulate  germination  of  MS  (180, 
4-97) ;  these  exudates  might  contain  factors  that 
stimulate  the  growth  of  diploids,  haploids,  or 
both.  Nutritional  requirements  and  response  to 
individual  compounds  appear  to  be  highly  spe- 
cific for  each  diploid  isolate,  and  such  specificity 
might  play  a  role  in  host  specificity. 

Information  in  the  following  areas  of  the  life 
cycle  is  deficient: 

1.  The  state  of  ploidy  in  resting  structures  up 
to  the  time  of  root  infection.  The  recovery  of 
99%  or  more  haploids  from  germinated  MS  of 
V.  albo-atrum  (554)  does  not  preclude  the  pos- 
sibility that  survival  may  be  largely  as  diploids. 
Haploid  dominance  probably  leads  to  a  large 
underestimate  of  the  number  of  MS  cells  that 
are  diploid  within  multicellular  MS.  Further- 
more, if  the  black  pigment  plays  a  role  in  the 


disconnection  between  chromomeres  during  for- 
mation of  haploid  variants,  then  it  might  also 
play  a  role  in  breaking  diploid  chromosomes 
down  to  haploids  as  germ  tubes  emerge  through 
the  layer  of  pigment  at  the  outside  surface  of 
MS  cells. 

2.  Nutritional  requirements  for  MS  germina- 
tion. Wetting  and  drying  could  provide  a  wide 
range  of  nutrients  from  the  growth  and  decom- 
position of  various  organisms  in  the  soil.  On  a 
localized  basis,  these  nutrients  might  permit 
germination  of  many  MS  cells  in  each  wetting 
cycle.  These  and  the  specific  nutrients  in  root 
exudates  should  be  characterized. 

3.  The  nature  of  chromosome  duplication  and 
division.  Direct  methods  like  DNA  analysis 
should  be  used  to  determine  if  variations  in  nu- 
clear volume  and  cell  sizes  are  associated  with 
polyteny.  If  polyteny  should  be  found,  its  func- 
tion in  the  life  cycle  should  be  determined.  Spe- 
cific stages  of  polyteny  might  be  associated  with 
pathogenicity;  such  knowledge  could  assist  in 
determining  the  basis  for  pathogenicity. 


38 


GENETICS  OF  THE  FUNGUS 


By  John  E.  Puhalla1 


Fungi  have  been  called  "a  variable  and  treach- 
erous lot."  This  description  seems  especially  well 
suited  to  Verticillium  albo-atrum.  Even  before 
Reinke  and  Berthold  fully  described  and  named 
the  fungus  in  1879  (443), 2  its  extreme  morpho- 
logical variability  was  a  source  of  confusion  and 
controversy.  In  1941  Presley  (426)  showed  that 
presumably  pure  lines  sectored  out  variants. 
Variations  in  number  and  distribution  of  resting 
bodies  (dark  hyphae  and  microsclerotia) , 
amount  and  extent  of  pigmentation,  growth 
rates,  and  form  were  reported.  More  recently, 
variation  in  virulence  has  been  studied  (574). 
Since  1941  several  papers  (92,  114,  427,  456) 
have  attempted  to  explain  variability  in  Verti- 
cillium. For  the  most  part  these  papers  have 
done  little  to  clarify  the  situation  or  to  illuci- 
date  the  basic  biology  of  the  fungus.  The  prob- 
lem can  be  approached  from  a  different,  less 
direct,  route.  Using  so-called  classical  genetics 
plus  some  modern  biochemistry,  several  work- 
ers (243,  245,  270)  have  begun  to  unlock  the  se- 
crets of  Verticillium  biology.  This  work  is  re- 
viewed, and  future  courses  of  genetic  analysis 
are  suggested. 

Because  of  their  instability  and  sensitivity  to 
environment,  morphological  variants  are  not 
very  useful  for  genetic  studies.  Biochemical  mu- 
tants (auxotrophs)  are  much  more  satisfactory. 
Such  mutants  require  certain  growth  substances, 
which  the  wild-type  (normal)  isolate  does  not 
need.  Auxotrophs  can  readily  be  induced  with 
certain  chemicals  or  forms  of  radiation. 

In  1962  Buxton  and  Hastie  (110)  retrieved 
several  auxotrophs  of  V.  albo-atrum  from  hops 
after  ultraviolet  light  (UV)  irradiation  of  con- 
idia.  Unlike  morphological  variants  in  this  fun- 
gus, such  auxotrophs  were  stable  in  culture.  This 
study  revealed  that  wild-type  Verticillium  con- 
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2  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 


idia  apparently  are  uninucleate  and  haploid. 
When  conidial  killing  was  plotted  against  UV 
dose,  a  straight  line  resulted.  This  indicated 
first-order  kinetics  of  killing  (a  single  "hit"  is 
sufficient  to  kill  a  conidium).  Consequently, 
such  conidia  must  be  uninucleate.  The  uninu- 
cleate condition  of  Verticillium  conidia  has  also 
been  shown  cytologically  by  other  workers  (103, 
574).  More  important,  however,  such  a  killing 
curve  requires  that  the  conidia  be  haploid.  The 
ease  with  which  Buxton  and  Hastie  obtained 
auxotrophs  (0.5%  of  the  survivors  of  a  97% 
killing)  further  suggested  haploidy.  Auxotrophs 
are  invariably  recessive  and  thus  almost  never 
retrieved  from  diploids. 

The  great  morphological  variation  in  V.  albo- 
atrum  has  been  variously  ascribed  to  high  muta- 
tion rate,  heterokaryosis,  parasexuality,  cyto- 
plasmic inheritance,  and  gene  repression.  Such 
phenomena  must  occur  naturally  in  the  fungus 
if  they  are  important  sources  of  variation.  Avail- 
able evidence  discounts  high  mutation  rates  in 
the  fungus;  biochemical  and  some  morphological 
mutants  of  Verticillium  spp.  are  very  stable.  It 
seems  unlikely  that  only  certain  genes  control- 
ling morphology  are  unstable.  The  ready  reversi- 
bility of  many  morphological  variations  also 
argues  against  mutation.  Furthermore,  studies 
in  our  laboratory  show  that  the  fungus  possesses 
a  light-dependent  enzyme  system  which  repairs 
genetic  damage  leading  to  mutation  and  killing. 

Hastie  (239,  240)  demonstrated  that  hetero- 
karyons  can  be  formed  from  strains  of  Verti- 
cillium spp.  from  hops,  tomatoes,  and  potatoes. 
Auxotrophs  with  different  nutrient  require- 
ments were  mixed  on  a  minimal  medium.  Growth 
of  paired  auxotrophs  indicated  heterokaryons, 
that  is,  strains  whose  hyphae  carry  the  nuclei  of 
both  ,'iuxotrophs.  In  the  heterokaryons  each  nu- 
cleus provided  genetic  information  that  the 
other  lacked;  they  complemented  each  other. 
Hastie  was  able  to  isolate  individual  hyphal  tips 
from  these  heterokaryons  and  showed  they  grew 


39 


without  supplementation  of  nutrients.  This  in- 
dicated the  presence  of  both  nuclei  in  the  hypha. 
Heale  (24-5)  used  similar  techniques  to  obtain 
heterokaryons  in  V.  albo-atrum  from  lucerne. 

In  Verticillium  spp.  conidia  are  usually  uni- 
nucleate. Consequently,  conidia  of  heterokaryons 
formed  from  complementary  auxotrophs  should 
carry  only  one  of  the  nuclei  of  the  paired  strains 
and  should  not  grow  on  a  minimal  medium. 
Hastie  (239)  found  that  in  samples  of  a  million 
conidia  from  such  heterokaryons  none  grew 
on  minimal  media.  Cytological  investigations 
showed  that  about  1%  of  the  conidia  were  bi- 
nucleate.  Thus,  these  binucleate  conidia  appar- 
ently were  homokaryotic.  Among  larger  conid- 
ial  samples  from  the  heterokaryons,  however, 
Hastie  did  find  that  around  2  in  107  conidia 
would  grow  on  a  minimal  medium.  Cultures  from 
these  produced  conidia  most  of  which  also  grew 
on  the  minimal  medium.  Moreover,  these  conid- 
ia were  twice  as  long  as  wild  isolate  conidia. 
These  data  suggest  that  the  conidia  which  grew 
on  the  minimal  medium  were  diploid.  A  stable 
diploid  form  of  V.  dahliae  was  isolated  by  In- 
gram (270)  from  horseradish.  Conidia  of  this 
strain  were  twice  as  long  as  those  of  wild  types. 
Even  after  repeated  UV  irradiation  of  the 
conidia,  she  never  obtained  auxotrophs.  When 
the  isolate  was  grown  on  a  medium  containing 
parafluorophenylalanine,  a  chemical  known  to 
change  diploids  of  Aspergillus  to  haploids,  she 
retrieved  strains  bearing  conidia  about  half  the 
size  of  those  of  the  original  isolate.  The  smaller 
conidia  readily  yielded  auxotrophs  after  UV  ir- 
radiation. She  concluded  that  the  isolate  with 
large  conidia  was  diploid  and  the  isolates  with 
small  conidia  were  haploid.  She  was  then  able  to 
make  heterokaryons  between  two  auxotrophs 
with  small  conidia.  Platings  of  conidia  from  the 
heterokaryons  yielded  a  few  colonies  that  would 
grow  on  a  minimal  medium  and  had  large  con- 
idia. 

The  diploids  formed  by  Hastie  were  unstable 
and  were  readily  broken  down  to  haploids  that 
were  auxotrophs  like  the  heterokaryon  partners. 
Sometimes  the  haploids  carried  biochemical 
"marker"  genes  in  new  combinations.  Hastie 
was  able  to  show  that  some  of  this  recombination 
occurred  while  the  fungus  was  still  diploid  and 
resembled  mitotic  recombination,  a  phenomenon 
first  found  in  Aspergillus  by  Pontecorvo  and  co- 
workers (423).  Apparently  chromosomes  even 


in  a  somatic  cell  can  pair  and  exchange  genetic 
material.  Recombination  also  can  take  place  dur- 
ing haploidization  as  the  result  of  chromosome 
reshuffling.  This  entire  sequence  of  events — 
diploid  formation,  genetic  recombination,  and 
haploidization — constitutes  the  so-called  para- 
sexual  cycle  (422).  Hastie  demonstrated  the 
complete  cycle  in  his  strains  of  V.  albo-atrum 
(239,  240,  241,  242). 

Possible  gene  repression  in  Verticillium  spp. 
has  been  reported  by  Valadon  and  Heale  (564). 
Normally  the  fungus  is  white  until  the  resting 
structures  form.  These  workers  isolated  a  stable 
orange  mutant  after  UV  irradiation.  The  orange 
color  was  due  to  the  presence  of  at  least  seven 
carotenoid  pigments  not  found  in  the  wild  type. 
Valadon  and  Heale  concluded  that  wild-type 
strains  do  have  the  structural  genes  for  carote- 
noid synthesis,  but  that  these  are  "turned  off" 
by  repression;  the  mutant  lacked  this  repression. 
However,  no  attempt  was  made  to  determine  the 
genetic  basis  of  this  repression  or  of  carotenoid 
synthesis.  A  relationship  between  gene  repres- 
sion and  morphological  variability  in  Verti- 
cillium has  been  proposed  by  Tolmsoff  (554). 
Furthermore,  he  offers  evidence  that  the  mech- 
anism for  variation  occurs  within  the  resting 
structures. 

V.  albo-atrum  appears  to  be  analyzable  by 
standard  genetic  methods  or  modifications  of 
them.  Hastie,  using  mitotic  recombination  and 
haploidization,  was  able  to  assign  a  dozen  bio- 
chemical marker  mutations  to  four  linkage 
groups.  In  other  organisms  linkage  groups  are 
identical  to  chromosomes.  Cytological  studies  of 
chromosome  number  in  Verticillium  are  incon- 
clusive (246,338,  456).  Mitotic  nuclear  division 
is  not  distinctly  observed  and  may  not  be  classi- 
cal (246, 338) .  Many  other  fungi  present  a  simi- 
larly confused  picture.  Besides  providing  data 
about  chromosome  number,  a  detailed  genetic 
analysis  should  reveal  the  position  of  genes  on 
the  chromosomes.  I  believe  techniques  for  doing 
this  are  available.  Such  mapping  would  open  up 
exciting  avenues  of  research.  Traits  such  as 
virulence,  host  specificity,  resting  structure  de- 
velopment, and  growth  habit  could  be  assigned 
to  specific  gene  loci. 

Hastie  (239)  and  Heale  (245)  have  studied 
genetic  control  of  the  development  of  dark  hy- 
phae,  the  resting  structures  in  V.  albo-atrum. 
Heale  found  an  isolate  that  no  longer  produced 
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dark  mycelium  and  remained  white.  He  induced 
a  biochemical  mutation  in  this  white  variant  and 
then  combined  it  in  a  heterokaryon  with  a  nor- 
mal dark  isolate  carrying  a  complementary  mu- 
tation. The  heterokaryon  formed  dark  hyphae. 
Conidia  carried  only  one  of  the  parental  bio- 
chemical markers,  but  colonies  from  all  conidia 
showed  at  least  some  dark  hyphae.  Heale  inter- 
preted this  as  cytoplasmic  control  of  resting 
structure  development.  The  hyaline  variant  ap- 
parently had  lost  a  vital,  self-reproducing  par- 
ticle from  the  cytoplasm,  and  the  particle  was 
later  reintroduced  in  the  heterokaryon.  Heale 
felt,  however,  that  not  all  hyaline  mutants  may 
be  formed  this  way.  The  work  of  Brandt  and 
Roth  (92)  verifies  this.  They  found  a  hyaline  V. 
dahliae  mutant  that  showed  signs  of  being  in- 
fective. When  grown  alongside  a  wild-type 
strain,  this  mutant  caused  the  wild  strain  to 
produce  abnormally  large  numbers  of  conidia 
that  gave  rise  to  white  colonies.  No  evidence  of 
the  genetic  nature  of  their  mutant  was  offered. 
In  another  paper  (457)  they  point  out  the  pro- 
found effect  of  environment  on  microsclerotial 
development. 

The  genetic  control  of  resting  structures 
seems  to  be  very  complex.  Studies  need  to  con- 
centrate on  any  major  genes  which  affect  morph- 
ology. Such  a  major  gene  was  found  and  mapped 
by  Hastie  (242) .  The  gene  produces  a  mutant, 
called  sooty,  which  has  enhanced  pigmentation 
and  dark  hyphae.  Once  the  chromosomes  of 
Verticillium  are  well  mapped,  genes  for  morpho- 
logical mutations  should  be  easy  to  isolate  and 
locate. 

Determining  genetic  bases  of  virulence  may 
be  difficult.  Heale's  work  (245)  bears  out  some 
of  the  technical  difficulties  likely  to  be  en- 
countered. He  could  not  force  heterokaryons  be- 


tween a  virulent  and  an  avirulent  isolate  of  V. 
albo-atrum  from  lucerne  or  between  strains  of 
V.  albo-atrum  and  V.  dahliae.  Fordyce  and  Green 
(191),  however,  were  able  to  make  a  hetero- 
karyon between  a  microsclerotial  form  of  V. 
albo-atrum  (=V.  dahliae)  from  peppermint  and 
V.  albo-atrum  from  tomato.  They  presented  evi- 
dence for  a  hybrid  diploid.  Unfortunately  their 
data  are  incomplete  and  provide  little  informa- 
tion on  genetic  control  of  resting  structure  de- 
velopment. 

A  further  complication  in  an  analysis  of  viru- 
lence genes  is  the  interference  of  biochemical  mu- 
tations with  virulence.  Many  auxotrophs  of  V. 
albo-atrum  are  avirulent  or  only  weakly  virulent 
(243) .  Apparently  the  host  plant  cannot  supply 
the  mutants'  nutritional  requirements.  Since 
auxotrophs  are  necessary  for  diploid  formation 
and  subsequent  genetic  studies,  they  may  con- 
fuse assays  for  virulence.  Furthermore,  Wag- 
goner (574)  points  out  that  even  in  a  "pure" 
clone  of  V.  albo-atrum  the  expression  of  viru- 
lence is  variable  and  difficult  to  quantify.  Pres- 
ley (430),  however,  has  reported  a  direct  cor- 
relation between  virulence  in  isolates  from  cot- 
ton and  their  ability  to  grow  on  a  medium  con- 
taining the  alkaloid  sanguinarine.  Therefore,  it 
may  be  possible  that  virulence  to  cotton  can  be 
assayed  without  the  host.  Studies  are  now  under- 
way in  our  laboratory  to  determine  if  this  is 
feasible. 

The  future  of  genetic  studies  in  V.  albo-atrum 
seems  bright.  We  have  fairly  sophisticated  tools 
at  hand,  plus  good,  analyzable  mutants.  With 
them  we  should  be  able  to  reduce  the  fungus'  in- 
credible variability  to  understandable  genetic 
terms.  And  we  should  be  able  to  discover  the 
bases  of  virulence  itself  and  thereby,  perhaps, 
its  ultimate  control. 
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PATHOGENICITY  AND 
HOST-PARASITE  RELATIONSHIPS 

By  Charles  R.  Howelli 

PATHOGENICITY 


Strains  of  Verticillium  albo-atrum  Reinke  & 
Berth,  isolated  from  cotton  range  in  virulence 
from  those  causing  defoliation  and  death  to 
those  which  incite  only  mild  chlorosis  in  one  or 
more  leaves  of  cotton.  Strains  of  V.  albo-atrum 
isolated  from  hosts  other  than  cotton  or  diploid 
forms  of  cotton-infecting  strains  produce  moder- 
ate to  no  symptoms  in  cotton.  In  this  section 
factors  that  may  be  involved  in  pathogenicity 
and  their  relationship  to  disease  severity  will  be 
discussed. 

In  vitro  conidial  production  and  mycelial 
growth  by  virulent,  intermediate,  and  mild 
strains  of  V.  albo-atrum  have  been  studied 
U76,  615). 2  In  one  experiment  (476)  with  12 
wild-type  isolates,  each  from  different  hosts,  a 
good  correlation  was  obtained  between  virulence 
to  cotton  and  the  product  of  spore  numbers  per 
cubic  centimeter  and  percentage  viability.  How- 
ever, in  a  later  experiment  with  a  large  number 
of  strains  (unpublished),  no  relationship  be- 
tween conidial  production  and  virulence  was 
found.  Conidial  production  within  the  host's 
vascular  system,  however,  presents  a  different 
picture.  A  defoliating  strain  has  been  reported 
to  produce  20  times  as  many  conidia  per  milliliter 
as  the  mild  strain  in  xylem  exudates  from  in- 
fected plants  (4-92) .  When  80  strains,  ranging 
from  extremely  virulent  to  avirulent,  were 
placed  on  potato  dextrose  agar  (PDA) ,  mycelial 
growth  was  not  correlated  with  virulence  (un- 
published) . 

The  effect  of  temperature  on  conidium  germi- 
nation and  subsequent  growth  by  a  defoliating 
and  a  mild  strain  was  studied  to  some  extent 
(615).  The  defoliating  strain  (T9)  produced 
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2  Italicized  numbers  in  parentheses  refer  to  items  in 
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conidia  more  abundantly  at  21°  to  33°  C.  than 
the  mild  strain  (SS4)  produced,  but  many  more 
isolates  need  to  be  tested  before  conclusions  can 
be  drawn. 

A  number  of  investigators  have  attempted  to 
relate  enzyme  production,  especially  production 
of  pectinases,  to  pathogenesis  by  V.  albo-atrum 
(61,  11+5,  262,  381).  In  one  study  no  polygalac- 
turonase (PG)  activity  was  found  in  filtrates 
from  resistant  tomato  stems  inoculated  with  the 
fungus;  however,  significant  amounts  of  PG  oc- 
curred in  filtrates  from  a  susceptible  variety, 
and  intermediate  amounts  of  PG  were  obtained 
from  a  tolerant  variety  (145).  In  cotton  stems 
PG  activity  has  been  correlated  with  the  onset  of 
disease  symptoms  (38b.).  PG  activity  was  local- 
ized in  the  host  vascular  system,  and  increased 
PG  activity  in  a  susceptible  host  was  not  due 
solely  to  increased  growth  rate  of  the  fungus. 

The  enzyme-synthesizing  capacities  of  hap- 
loid  (pathogenic)  and  diploid  (nonpathogenic) 
strains  of  V.  albo-atrum  have  been  compared 
(262) .  Haploids  were  vigorous  producers  of  PG, 
polyphenol  oxidase,  and  /3-glucosidase,  enzymes 
associated  with  vascular  wilts  (142),  while  dip- 
loids synthesized  very  little  of  these  enzymes. 
Further  work  has  shown  similar  differences  in 
cellulase  synthesis  between  haploid  and  diploid 
strains  (unpublished). 

Another  study  with  62  isolates  of  V.  albo- 
atrum  grown  on  a  medium  consisting  of  mineral 
salts,  raw  cotton  lint,  and  1%  sucrose  has  shown 
a  significant  positive  correlation  between  both 
PG  and  cellulase  activity  in  culture  filtrates  and 
virulence.  Correlations  were  not  significant 
without  sucrose  in  the  medium.  Sucrose  was 
considered  to  cause  greater  repression  of  enzyme 
synthesis  of  avirulent  than  of  virulent  strains. 
Exposure  of  cotton  cuttings  to  PG,  cellulase,  or 
the  two  combined  indicated  that  cellulase  was  re- 


42 


sponsioie  ior  wiiung  synipiums  aim  uiul  r  vj  was 
responsible  for  vascular  necrosis.  It  was  sug- 
gested that  the  failure  of  such  materials  as  su- 
crose and  starch,  found  abundantly  in  cotton 
stems,  to  repress  synthesis  of  pectinase  and  cellu- 
lase  by  the  more  virulent  strains  could  in  part 
account  for  their  greater  virulence  to  cotton 
(61). 

Not  all  work  reported  in  recent  years  has  sup- 
ported the  hypothesis  that  pectinases  are  impor- 
tant factors  in  pathogenicity.  In  a  study  (586) 
with  eight  mild,  13  intermediate,  and  eight  se- 
vere isolates  of  Verticillium  grown  on  potato 
broth  containing  1  %  sucrose  and  1  %  pectin,  PG 
activity  in  culture  filtrates  was  inversely  corre- 
lated with  virulence.  In  addition,  neither  per- 
oxidase nor  polyphenol  oxidase  was  detected  in 
culture  filtrates  of  the  isolates.  High  PG  ac- 
tivity was  associated  with  mycelial  production 
on  PDA.  Analyses  of  pectinase  activity  in  trach- 
eal fluids  from  healthy  cotton  plants  and  from 
plants  in  various  stages  of  Verticillium  wilt 
(586)  indicated  that  only  traces  of  pectinases 
were  present  and  that  there  was  no  relationship 
between  these  enzymes  and  pathogenesis.  Poly- 
phenol oxidase  and  peroxidase  were  present  in 
cotton  vascular  fluids,  but  the  amounts  were  un- 
affected by  disease  development  or  symptom  se- 
verity. 

Other  workers  (542)  have  found  that  23  iso- 
lates of  V.  albo-atrum,  16  of  V.  dahliae  Kleb.,  two 
of  V.  tricorpus  Isaac,  and  one  of  V.  nubilum 
Pethybr.  produced  PG,  pectin  transeliminase 
(PTE) ,  and  pectin  methylesterase  (PME)  when 
the  fungi  were  grown  in  pectin-glucose-salts 
medium.  PTE  and  PG  were  constitutive,  but 
quantities  were  increased  by  the  presence  of  pec- 
tin in  the  medium.  PME  was  not  produced  in 
potato  extract-pectin  medium.  Pectic  enzyme 
production  and  virulence  were  not  closely  corre- 
lated, although  there  was  some  suggestion  in  the 
hop  isolates  of  V.  albo-atrum  that  high  levels  of 
PME  and  PG  production  were  associated  with 
high  levels  of  virulence. 

In  a  more  definitive  study  (294),  chromato- 
graphically,  ultracentrifugally,  and  electro- 
phoretically  homogenous  preparations  of  endo- 
polygalacturonase  (endoPG)  were  isolated  from 
culture  fluids  of  V.  albo-atrum.  The  purified 
endoPG  had  no  visible  effect  on  cotton  cuttings 
or  excised  leaves  at  concentrations  up  to  100 
lig./ml 

The  conflicting  reports  obtained  by  various 
workers  studying  PG  may  be  explained  by  a  re- 
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cotton  were  found  to  produce  an  exoPG  and  an 
endoPG  on  glucose-salts  medium.  When  they 
were  assayed  on  cotton  cuttings,  the  exoPG  was 
not  toxic,  but  the  endoPG  caused  leaf  chlorosis, 
necrosis,  and  leaf  desiccation  identical  to  those 
seen  in  Verticillium-mfected  plants.  EndoPG 
was  also  toxic  to  potato  tuber  cells,  apparently 
through  a  mechanism  involving  irreversible  de- 
struction of  membrane  integrity.  Although  the 
activity  of  this  enzyme  in  vitro  was  unaffected 
by  divalent  cations,  the  phototoxicity  of  endoPG 
in  cotton  cuttings  was  dependent  upon  the  pres- 
ence of  these  ions  (382) .  When  endoPG  was  ap- 
plied to  cotton  cuttings  in  distilled  water,  no 
symptoms  were  produced. 

The  role  of  toxins  in  the  Verticillium  wilt  syn- 
drome has  been  the  subject  of  much  study.  Tox- 
ins of  both  high  and  low  molecular  weights  have 
been  reported  by  a  number  of  researchers.  Ni- 
trite has  been  investigated  as  a  possible  toxin, 
but  was  shown  to  be  of  little  importance  (210) . 
In  one  study  culture  filtrates  of  V.  albo-atrum 
were  extracted  with  ethyl  acetate  and  the  pH 
manipulated  to  obtain  acidic,  neutral,  and  basic 
fractions.  Bioassay  of  the  fractions  with  tomato 
cuttings  showed  that  the  acidic  fraction  con- 
tained a  growth  inhibitor,  while  the  neutral  and 
basic  fractions  contained  both  a  growth  inhibi- 
tor and  a  wilt-inducing  substance  (413) .  Toxins 
of  low  molecular  weight  have  been  separated  by 
paper  chromatography,  shown  to  be  stable  at  pH 
2  to  10  and  high  temperature,  and  neutralized 
by  tetraene  and  tetracycline  antibiotics  (303, 
304).  In  a  recent  study  toxins  of  low  molecular 
weight  were  isolated  by  electrophoresis  and  sep- 
arated by  paper  chromatography  into  five  con- 
stituents. These  were  found  to  contain  amino 
acids,  have  chelating  properties,  and  be  strong 
oxidizing  agents  in  light  (122).  A  material  of 
high  molecular  weight  isolated  from  cultures  of 
V.  albo-atrum  was  found  to  consist  of  a  protein 
component,  possessing  mild  cellulase  activity, 
and  a  fructosan.  Both  components  produced 
wilting  in  detached  lucerne  leaves.  Heat  denatur- 
ation  resulted  in  the  loss  of  the  protein  compon- 
ent and  40%  of  the  wilt  activity  (532) . 

Typical  Verticillium  wilt  symptoms  were  pro- 
duced when  cuttings  or  excised  leaves  were 
placed  in  50  /xg./ml.  or  higher  concentration  of 
a  lipopolysaccharide  (LPS)  isolated  from  log- 
phase  cultures  of  V.  albo-atrum.  The  LPS  pro- 
duced severe  wilt  symptoms  in  a  wilt-susceptible 
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cotton  variety,  intermediate  symptoms  in  a  mod- 
erately susceptible  variety,  and  mild  symptoms 
in  a  resistant  variety  (294) . 

In  a  recent  article  (383)  proteins  alone  have 
been  indicted  as  the  toxic  entity  in  culture  fil- 
trates of  V.  albo-atrum.  Proteins  from  cultures 
of  severely  defoliating  strains  were  concentrated 
and  desalted  by  ultrafiltration  and  fractionated 
on  Sephadex  G-75.  Fractions  were  pooled  to  rep- 
resent molecular  weight  ranges  of  over  100,000 
to  less  than  2,500.  The  fractions  were  then  de- 
salted and  applied  to  8-week-old  cotton  cuttings 
in  deionized  water  at  concentrations  equal  to  one- 
hundredth  of  their  original  concentrations  in 
culture  filtrates.  Fraction  V  (10,000-4,500)  at 
one-hundredth  the  original  concentration  and 
fractions  I  (over  100,000),  II  (100,000-45,000), 
and  III  (45,000-25,000)  at  less  than  one-hun- 
dredth the  original  concentration  caused  chloro- 
sis and  necrosis  of  leaves  indistinguishable  from 
those  in  Verticillium  wilt.  These  symptoms  be- 
came progressively  worse  during  the  succeed- 
ing 48  hours.  After  72  hours  many  leaves  had 
abscised.  The  material  causing  abscission  ap- 
peared to  be  concentrated  in  fraction  I,  whereas 
fraction  II  caused  the  most  chlorosis.  The  sub- 
stances in  the  fractions  were  identified  as  pro- 
teins from  their  molecular  weights,  high  optical 
density  at  280  nm.,  positive  reaction  with  Lowry 
reagents,  and  heat  lability.  Boiling  fractions  for 
5  min.  before  use  resulted  in  total  loss  of  phyto- 
toxicity.  From  these  experiments  it  was  con- 
cluded that  most,  if  not  all,  symptoms  of  Verti- 
cillium wilt  in  cotton  are  caused  by  proteins  se- 
creted by  the  pathogen. 

Growth-regulating  substances  have  been  de- 
tected in  cultures  of  Fusarium  and  Verticillium 
and  associated  with  symptoms  of  vascular  wilt. 
Ethylene  was  detected  in  air  swept  over  Fusar- 
ium cultures,  and  when  it  was  trapped  and  trans- 
ferred to  a  chamber  containing  young  tomato 
plants,  it  caused  epinasty  in  24  hours  (155).  A 
substance  with  the  same  chromatographic  RF 
and  activity  as  indole-3-acetic  acid  (IAA)  was 
isolated  from  acidic  ether  extracts  of  V.  albo- 
atrum  culture  filtrates.  Its  concentration  in  dis- 
eased tomato  plants  was  found  to  be  twice  that 
of  healthy  ones.  It  was  concluded  that  high  levels 
of  IAA  (or  equivalent)  were  responsible  for 
some  of  the  symptoms  of  Verticillium  wilt  and 
that  these  substances  might  be  produced  by  the 
pathogen  in  the  xylem  (41 U) . 


An  important  consideration  with  respect  to 
virulence  is  pathogen  resistance  to  host  defense 
mechanisms.  The  capacity  of  virulent  strains  of 
V.  albo-atrum  to  persist  and  grow  in  the  pres- 
ence of  toxic  compounds  that  occur  naturally  in 
plants  and  that  inhibit  avirulent  strains  has  been 
observed.  In  one  study  it  was  noted  that  haploid 
lines  (pathogenic)  grew  well  on  tannic  acid 
(0.05%)  medium,  whereas  growth  of  diploid 
lines  (nonpathogenic)  was  completely  inhibited 
(262).  In  another  study  an  alkaloid,  sanguin- 
arine,  was  added  to  PDA  to  differentiate  be- 
tween defoliating  and  mild  strains  of  V.  albo- 
atrum  (430).  Defoliating  strains  grew  well  on 
the  medium  and  fluoresced  bright  blue  under 
ultraviolet  light.  Mild  strains  grew  slowly  and 
did  not  fluoresce.  This  method  has  been  sug- 
gested for  use  in  determining  the  relative  popu- 
lations of  defoliating  and  mild  strains  in  field 
soils. 

Work  on  sanguinarine  has  recently  been  ex- 
panded to  include  80  strains  ranging  in  virulence 
from  severely  defoliating  to  those  producing  only 
mild  chlorosis  in  one  or  more  leaves.  Data  on 
radial  growth  and  fluorescence  under  ultra- 
violet light  of  strains  grown  on  500  /ig./m\.  san- 
guinarine nitrate  in  PDA  were  compared  with 
virulence  to  cotton  (to  obtain  correlation  coef- 
ficient r) .  Positive  correlations,  significant  at 
the  1  %  level  of  probability,  were  found  between 
virulence  and  radial  growth  (r=0.51)  and  be- 
tween virulence  and  fluorescence  (r=0.71). 
Some  nondefoliating  strains  were  found  to  be 
capable  of  converting  sanguinarine  into  the  blue 
fluorescent  compound,  but  no  defoliating  strains 
not  capable  of  this  conversion  process  were 
found  (unpublished).  The  sanguinarine  sulfate 
used  in  previous  work  (430)  is  a  mixture  of 
closely  related  alkaloids,  including  sanguinarine, 
chelerythrine,  protopine,  and  other  minor  con- 
stituents. Thin-layer  chromatography  and  bio- 
assay  of  the  mixture  have  shown  that  sanguin- 
arine is  the  active  entity.  Further  work  has 
shown  that  the  conversion  of  sanguinarine  to  a 
blue  fluorescent  compound  is  a  detoxification 
process  since  the  fluorescent  compound  was  non- 
toxic to  avirulent  strains  (unpublished) . 

Gossypol,  a  major  constituent  of  subepidermal 
glands  in  cotton,  and  some  of  the  intermediates 
in  its  biosynthetic  pathway  have  been  found  by- 
researchers  to  prevent  conidium  germination  by 
V.  albo-atrum  (53).  Further  study  has  shown 
that  gossypol  at  1  ml  concentration  is  fungi- 
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static  rather  than  fungicidal.  When  1  mM  gossy- 
pol  was  added  to  4-day-old  cultures  of  V.  albo- 
atrum  in  liquid  Czapek's  medium,  growth  of  all 
isolates  was  stopped;  virulent  strains  resumed 
growth  after  3  to  4  weeks,  whereas  most  aviru- 
lent  strains  did  not  resume  growth  until  after  6 
to  8  weeks.  When  fungus  tissue  of  all  isolates 
was  removed  from  gossypol-containing  media  to 
fresh  media,  new  growth  was  initiated  (263). 

Several  investigators  have  proposed  that 
tannins  derived  from  catechin  in  cotton  have  a 


possible  role  in  the  resistance  of  cotton  to  vascu- 
lar wilt  (26,  55,  458).  To  determine  possible  re- 
lations of  catechin  to  virulence,  10-3  M  catechin 
was  added  to  3-day-old  cultures  of  virulent  and 
avirulent  strains  of  V.  albo-atrum  in  potato  dex- 
trose broth.  Formation  of  orange-brown  oxida- 
tion products  in  the  cultures  was  negatively  cor- 
related with  virulence.  Within  24  hours  the 
orange-brown  polymers  appeared  in  avirulent 
cultures.  Virulent  cultures  did  not  turn  brown 
for  several  days  (263). 


HOST-PARASITE  RELATIONSHIPS 


Once  V.  albo-atrum  has  penetrated  the  cotton 
host  and  established  itself  in  the  vascular  sys- 
tem, it  can  grow  and  sporulate  in  the  dilute  nu- 
trient solution  that  comprises  the  vascular  fluid 
(493).  Conidia  are  then  distributed  throughout 
the  plant  within  a  short  time,  where  they  germi- 
nate and  establish  new  infections  (432) .  The  ac- 
tivities of  the  fungus  stimulate  the  host  to  oc- 
clude vessels  in  the  vascular  system  with  gels 
(195).  Occlusions  in  the  narrow  vascular  bun- 
dles in  petiole  and  leaf  veins  may  lead  to  an  acute 
water  shortage  in  the  leaves  (152).  Gel  forma- 
tion may  be  stimulated  by  products  of  fungal 
metabolism.  One  such  product,  PG,  has  been  de- 
tected in  cotton  plants  infected  with  V.  albo- 
atrum.  Plants  infected  with  a  defoliating  isolate 
were  found  to  contain  more  PG  than  those  in- 
fected with  a  mild  isolate.  PG  formation  in  toma- 
to plants  infected  with  Fusarium  oxysporum 
Schlecht.  f .  lycopersici  Sacc.  also  correlated  well 
with  symptom  expression  and  growth  of  the 
fungus  in  the  host  (381).  The  level  of  available 
nutrients  in  the  host's  vascular  fluids  may  deter- 
mine whether  a  pathogen  produces  the  sub- 
stances that  stimulate  further  reaction  by  the 
host.  Glucose  has  been  shown  to  repress  PG 
production  by  F.  oxysporum  f .  lycopersici  in  cul- 
ture. When  glucose  was  fed  to  inoculated  tomato 
plants,  it  increased  mycelial  growth  in  the  host, 
but  reduced  disease  symptoms.  The  highest  spe- 
cific activities  of  PG  were  observed  in  infected 
plants  that  were  not  supplied  with  glucose  (411) . 
Galactose  has  also  been  shown  to  repress  PG 
synthesis  in  cultures  of  F.  oxysporum  f.  lycoper- 
sici and  to  reduce  symptom  expression  in  in- 
fected tomato  plants  when  applied  2  to  3  days 
after  inoculation  (70).  Another  nutrient,  L-al- 
anine,  found  in  cotton  plants  appears  to  stimu- 
late PG  synthesis  and  activity  (80).  L-alanine 


was  found  to  exude  from  the  roots  of  a  suscept- 
ible cotton  variety  in  significantly  higher 
amounts  than  from  a  resistant  variety.  When  L- 
alanine  was  added  to  cultures  of  V.  albo-atrum 
or  to  dialyzed  culture  filtrates,  it  was  found  to 
be  stimulatory  to  PG  production  and  highly 
stimulatory  to  PG  activity.  In  a  recent  study 
(510)  aDL-alanine  was  injected  into  the  xylem 
of  cotton  plants  inoculated  with  V.  albo-atrum. 
It  increased  both  the  severity  of  the  symptoms 
and  the  rate  of  disease  development. 

An  interesting  phenomenon  related  to  symp- 
tom expression  is  changes  in  growth-regulator 
levels  in  plants  infected  with  V.  albo-atrum. 
Ethyl  acetate  extracts  from  leaves  and  stems  of 
infected  tomato  plants  were  found  to  contain 
about  twice  as  much  IAA  (or  a  substance  with 
the  same  Rf  and  activity)  as  did  extracts  from 
healthy  plants.  Application  of  IAA  at  5  p. p.m.  to 
tomato  plants  caused  yellowing  and  wilting  of 
lower  leaves  and  epinasty  of  younger  leaves 
(414).  A  study  comparing  IAA,  abscisic  acid 
(ABA),  and  ethylene  levels  in  cotton  plants  in- 
fected with  a  defoliating  strain  (T9)  or  a  non- 
defoliating  strain  (SS4)  of  V.  albo-atrum  has 
shown  that  levels  of  ABA  and  ethylene  in  T9-in- 
fected  plants  were  more  than  twice  those  in 
plants  infected  with  SS4.  The  levels  of  either 
ABA  or  ethylene  produced  by  T9-infected  plants 
were  adequate  to  cause  defoliation.  Changes  in 
these  growth  regulators  were  apparently  due  to 
altered  host  metabolism  resulting  from  the  host- 
parasite  interaction,  since  only  trace  amounts, 
and  no  marked  differences  in  ethylene  produc- 
tion in  vitro,  were  found  between  these  strains 
of  V.  albo-atrum  (585) . 

It  has  been  suggested  that  alterations  in  host 
cytokinin  activity  induced  by  V.  albo-atrum  may 
account  for  accelerated  senescence  often  ob- 
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served  in  infected  cotton  plants  (375).  By  com- 
paring the  cytokinin  content  of  tracheal  fluids 
from  healthy  and  infected  plants  it  was  observed 
that  diseased  plants  contained  only  one  of  the 
two  cytokinins  found  in  healthy  plants.  Isola- 
tion and  bioassay  of  the  cytokinins  from  dis- 
eased and  healthy  plants  indicated  that  the  dif- 
ferences found  may  be  sufficient  to  hasten  the 
senescence  of  leaves. 

Resistance  of  the  cotton  plant  to  infection  ap- 
pears to  be  expressed  in  the  xylem.  Microscopic 
examination  of  tissue  sections  from  the  vascular 
systems  of  infected  plants  has  shown  that  the 
xylem  vessels  of  resistant  varieties  are  less  ex- 
tensively colonized  than  those  of  susceptible  va- 
rieties (196).  Also,  counts  of  the  conidia  in 
tracheal  fluids  exuding  from  the  severed  stems 
of  infected  plants  have  shown  that  conidial  num- 
bers from  susceptible  plants  are  20  times  greater 
than  those  from  resistant  plants  (492) . 

At  least  two  explanations  have  been  advanced 
to  account  for  wilt  resistance.  Both  involve  in- 
hibitory substances.  In  one  experiment  tracheal 
fluids  from  resistant  plants  infected  with  a  mild 
strain  were  found  to  inhibit  conidial  germination 
by  20%  to  80%,  whereas  tracheal  fluids  from 
healthy  or  diseased  susceptible  plants  were  stim- 
ulatory to  germination.  Tracheal  fluids  from  re- 
sistant plants  inoculated  with  defoliating  strain 
did  not  inhibit  conidial  germination  (494-) . 

In  other  studies  the  formation  of  phytoalexins 
(fungitoxic  gossypol-related  terpenoids)  in  cot- 
ton plants  as  a  result  of  infection  has  been  pro- 
posed as  the  resistance  mechanism  (53,  54,  55). 
In  one  study  of  14  cotton  varieties  ranging  from 
resistant  to  susceptible  and  of  20  isolates  of  the 
fungus  ranging  in  virulence  from  severe  to  mild, 
it  was  found  that  phytoalexin  formation  during 
the  first  72  hours  after  infection  was  directly 
correlated  with  resistance  and  inversely  corre- 
lated with  virulence.  The  important  factor  was 
not  the  total  amount  of  phytoalexin  formed,  but 
the  speed  with  which  a  fungistatic  amount  could 
be  produced  at  the  infection  site.  It  has  been  sug- 
gested that  resistance  is  a  function  of  the  speed 
of  phytoalexin  formation  relative  to  the  speed 
of  secondary  colonization  by  the  fungus  (55). 

A  recent  study  of  the  vascular  response  of 
cotton  to  infection  by  Fusarium  oxysporum 
Schlecht.  f.  vasinfectum  (Akt.)  Snyd.  &  Hans, 
tends  to  confirm  the  explanation  of  resistance 
proposed  by  the  gossypol  proponents.  Germina- 


tion of  Verticillium  and  Fusarium  conidia  was 
not  inhibited  in  vascular  fluids  obtained  by  root 
pressure  from  infected  plants.  Inhibition  oc- 
curred only  in  fluids  from  inoculated  resistant 
plants  obtained  by  flushing  the  vascular  system 
with  95%  ethanol.  The  necessity  of  using  95% 
ethanol  to  obtain  the  inhibitor  indicated  that  the 
toxin  was  located  in  infected  vessels  where  its 
movement  was  restricted.  Otherwise,  it  would 
have  been  detected  in  fluids  collected  by  root 
pressure  (105). 

Two  aspects  of  the  cotton-V.  albo-atrum  inter-  . 
action  have  received  little  detailed  attention.  One 
is  the  role  of  leaves  in  disease  development,  and  ; 
the  other  is  the  effect  of  host  aging  and  fruiting  j 
on  the  susceptibility  of  cotton  to  Verticillium  , 
wilt.  Symptoms  are  most  dramatically  expressed 
in  the  leaves,  where  the  fungus  is  in  intimate 
contact  with  symptom-expressing  tissue  (195). 
In  at  least  two  studies  (195,  233)  the  fungus 
was  found  in  leaves  for  some  time  before  symp- 
toms were  expressed.  In  one  case  it  was  found  in 
rather  large  quantities  before  symptom  expres- 
sion (233) .  It  seems  improbable  that  leaf  tissues 
would  remain  passively  dependent  on  other  or- 
gans of  the  plant  to  protect  them  from  the  in- 
roads  of  the  fungus.  The  physiology  of  the  host- 
parasite  relationship  in  the  leaves,  therefore,  de- 
serves  much  more  detailed  attention  than  it  has 
received. 

Over  the  years  a  number  of  investigators  have 
noticed  an  apparent  relationship  between  fruit-  j 
ing  of  the  host  and  onset  of  the  disease  (527, 
Presley,  personal  communication) .  Some  work- 
ers have  tested  the  effect  of  def ruiting  on  disease  j 
development  and  have  found  that  defruiting  does 
retard  the  progress  of  the  disease  (Presley  and  I 
Batson,   personal   communication).  Recently, 
flowering  in  chrysanthemums  has  been  associ- 
ated with  the  onset  of  Verticillium  wilt  symp- 
toms in  the  leaves,  together  with  a  rapid  rise  in 
colonization  of  the  leaves  by  the  fungus  (233). 
This  aspect  of  host-parasite  physiology  also  de- 
serves  further  study. 

It  is  evident  that  work  on  other  vascular  wilt 
pathogens  and  other  hosts  must  be  drawn  upon  j 
rather  heavily  to  close  the  gap  between  what  we 
actually  know  about  Verticillium  wilt  of  cot- 
ton and  what  we  assume.  There  is  a  need  for  a  g 
better  understanding  of  the  metabolic  processes 
of  both  host  and  pathogen  and  how  each  can  in- 
duce or  repress  metabolic  processes  in  the  other. 
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NATURE  OF 
DISEASE  RESISTANCE 


By  A.  A.  Belli 


The  responses  of  host  plants  to  vascular  path- 
ogens have  been  studied  extensively.  However, 
the  exact  causes  of  the  wilt  syndrome  and  the 
significance  of  host  responses  are  still  uncertain. 
Much  of  this  literature  has  been  reviewed  in  re- 
cent books  and  articles  (9, 13,  43,  104,  136,  187, 
138,  139,  149,  150,  151,  152,  178,  18k,  201,  207, 
302,  310,  311,  312,  326,  363,  1*53,  46k,  466,  467, 
500,  556,  557,  561,  562,  566,  576,  577,  579,  613, 


614,  617).'-  This  paper  will  be  restricted  to  the 
literature  concerning  the  resistance  responses  in 
Gossypium  spp.  (cotton)  to  infection  by  Verti- 
cillium  spp.  Other  studies  of  vascular  diseases 
will  be  cited  only  when  they  may  help  to  under- 
stand the  nature  of  cotton  responses  to  infection 
by  V erticillium  spp.  or  point  to  needs  for  future 
research. 


OCCURRENCE  OF  GENETIC  WILT  RESISTANCE  IN  COTTON 


Since  the  original  discovery  of  Verticillium 
wilt  in  cultivated  cotton  in  California  (503)  and 
Tennessee  (504)  in  1927,  the  disease  has  been 
found  in  all  the  major  cotton-growing  areas  of 
the  world.  Verticillium  wilt  has  become  particu- 
larly severe  in  cooler  parts  of  the  U.S.  Cotton 
Belt  and  in  Peru,  Russia,  and  Uganda,  where  cot- 
ton is  grown  under  relatively  cool  conditions. 

According  to  Barducci  (33)  and  Harland 
(235)  the  original  selections  for  Verticillium 
wilt  resistance  in  cotton  were  made  before  1917 
by  Dr.  Fermin  Tanguis  in  the  Pisco  Valley  of 
Peru.  A  single  plant,  free  of  symptoms,  was  se- 
lected from  a  field  of  Upland  cotton  (G.  hirsutum 
L.  'Suave')  heavily  attacked  by  wilt.  The  variety 
'Tanguis'  was  developed  from  this  original  plant, 
which  proved  to  be  extra-long-staple  cotton  (G. 
barbadense  L.) .  'Tanguis'  varieties  are  still  used 
to  combat  wilt  in  Peru,  although  they  have  been 
changed  somewhat  by  outcrossing  and  selection. 

Herbert  and  Hubbard  (249)  in  1932  first  re- 
ported extensive  screening  of  U.S.  varieties  for 
resistance  to  wilt  in  California.  Out  of  48  va- 
rieties tested  only  the  Egyptian  cotton  'Pima' 
showed  resistance;  'Pima'  had  mild  foliar  symp- 
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toms  and  some  vascular  browning.  In  1932  Miles 
and  Persons  (365)  reported  that  all  Upland  cot- 
tons developed  for  resistance  to  Fusarium  wilt 
were  highly  susceptible  to  Verticillium  wilt  in 
Mississippi. 

Since  these  early  studies  numerous  breeding 
programs  have  been  undertaken  to  develop 
Verticillium  resistance  in  cotton  (7,  33,  55,  72, 
129,  133,  188,  235,  237,  307,  320,  328,  342,  348, 
348,  370,  392,  420,  427,  429,  436,  462,  472,  506, 
520,  525,  530,  533,  550,  572,  589,  590,  601,  602, 
604,  607,  627) .  The  results  of  these  studies  can  be 
summarized  as  follows: 

1.  No  Gossypium  spp.  possess  immunity  to  the 
most  virulent  strains  of  Verticillium  albo-atrum 
Reinke  &  Berth.  Under  adverse  conditions  in  the 
greenhouse,  23  Gossypium  spp.  were  killed  (55) . 

2.  Of  the  tetraploid  cottons,  high  levels  of  tol- 
erance are  found  only  in  G.  barbadense.  Varieties 
of  G.  barbadense,  such  as  'Tanguis',  'Pima',  'Kar- 
nak',  'Algodon  de  Pais',  'SxP',  'B181',  'St.  Kitts 
Superfine',  'Seabrook  Sea  Island'  (SBSI) ,  'Puer- 
to Rican  Regular',  certain  Russian  strains,  'Ash- 
mouni',  'Coastland',  and  a  strain  from  the  bo- 
tanical garden  at  Bonn,  Germany,  showed  few 
if  any  wilt  symptoms  under  field  conditions  and 
were  more  resistant  than  the  most  tolerant  va- 
rieties of  G.  hirsutum.  Howell  and  I  (unpub- 
lished) have  found  selections  from  SBSI  12B2 
to  be  the  most  resistant  tetraploid  cotton  avail- 
able. 


47 


3.  Attempts  to  transfer  the  G.  barbadense  level 
of  resistance  to  G.  hirsutum  have  been  unsuc- 
cessful. The  F?  progeny  are  generally  as  resist- 
ant as  their  G.  barbadense  parent,  but  subsequent 
backcrossing  and  selection  to  restore  desirable 
G.  hirsutum  characteristics  results  in  a  partial 
or  total  loss  of  the  G.  barbadense  resistance. 

4.  Levels  of  tolerance  in  G.  hirsutum  and  G. 
barbadense  can  be  improved  by  selection  and  hy- 
bridization. Such  programs  have  produced  a 
number  of  improved  commercial  varieties  of  G. 
hirsutum,  such  as  'Acala  1517WR',  'Acala  4-42', 
'Acala  1517V,  'Acala  1517BR2',  'Deltapine  45', 
and  'Auburn  M'  in  the  United  States  and  '108-F', 
'152-F',  '153-F',  '154-F',  and  '156-F'  in  Russia. 
During  most  years  these  varieties  produce  well 
on  fields  infested  with  Verticillium  spp.,  but  they 
may  be  severely  damaged  under  adverse  condi- 
tions of  climate  or  management. 


5.  Other  sources  of  tolerance  are  the  G.  hir- 
sutum subspecies  mexicanum  (Tod.)  Mauer, 
punctatum  (Schum.)  Mauer,  and  paniculatum 
(Blanco)  Mauer  and  the  variety  marie-galante 
(Watt)  Hutch.  Diploid  cottons  reported  to  have 
tolerance  include  G.  arboreum  L.,  G.  herbaceum 
L.,  G.  gossypioides  (Ulbr.)  Standi.,  G.  thurberi 
Tod.,  G.  longicalyx  Hutch.  &  Lee,  G.  raimondii 
Ulbr.,  G.  harknessii  Brandg.,  and  G.  klotzchian- 
um  Anderss. 

6.  Tolerance  in  all  species  frequently  is  associ- 
ated with  a  lack  of  fruitfulness,  indeterminate 
growth,  and  late  fruit  set  (short  day  and  cool 
night  requirement  for  flowering).  Early  de- 
terminate varieties  invariably  are  severely  dam- 
aged by  wilt  when  favorable  environmental  con- 
ditions for  wilt  development  are  present;  how- 
ever, they  may  escape  wilt  by  maturing  before 
such  favorable  environmental  conditions  occur. 


FACTORS  AFFECTING  RESISTANCE 


The  resistance  of  cotton  to  Verticillium  wilt  is 
seldom  complete  (immune)  or  totally  absent  (re- 
sulting in  rapid  plant  death)  under  field  condi- 
tions. Instead,  some  degree  of  resistance  and 
recovery  of  the  host  is  shown  by  most  cotton- 
Verticillium  combinations.  The  eventual  expres- 
sion of  resistance  (or  susceptibility)  depends  on 
the  genotypes  and  populations  of  both  the  cot- 
ton strain  and  the  Verticillium  strain,  as  well  as 
on  the  environmental  conditions  in  which  they 
interact.  The  relative  contributions  of  the  host, 
pathogen,  and  environment  as  they  affect  the 
resistance  of  cotton  to  Verticillium  wilt  will  be 
discussed  in  the  following  sections. 

Effect  of  Host 

The  obvious  and  most  important  contribution 
of  the  host  is  its  genotype.  Various  levels  of 
tolerance  have  been  shown  to  be  inheritable. 
Smith  and  Dick  (516)  concluded  that  Fusarium 
wilt  resistance  in  G.  hirsutum  was  due  to  a  major 
dominant  gene  with  modifying  genes;  varieties 
with  these  genes  show  slight  tolerance  to  Verti- 
cillium wilt.  The  same  workers  demonstrated 
that  Fusarium  wilt  resistance  in  G.  barbadense 
'Sea  Island'  (strongly  resistant  to  Verticillium 
wilt)  was  controlled  by  two  dominant  genes, 
which  were  additive.  Only  one  of  these  genes 
was  successfully  transferred  to  G.  hirsutum  va- 
rieties. Likewise,  several  workers  (55,  59,  133, 
188,  590,  60  U,  605,  606)  have  demonstrated  that 

48 


the  Verticillium  wilt  resistance  of  G.  barbadense,  \ 
when  crossed  with  G.  hirsutum,  is  readily  trans-  , 
ferred  as  a  dominant  character  to  progeny.  1 
The  dominance  of  wilt  resistance  in  Fx  progeny  ; 
is  less  when  G.  barbadense  is  crossed  with  rain-  . 
belt  varieties  than  when  it  is  crossed  with  South-  | 
western  'Acala'  varieties  (607,  unpublished).  | 
After  two  generations  of  backcrossing  to  any 
variety  of  G.  hirsutum,  I  (unpublished)  have  al- 
ways  lost  the  original  level  of  resistance  in  SBSI,  j 
even  when  the  progeny  were  submitted  to  rigor- 
ous  screening.  Certain  selections  from  F2  plants,  i 
however,  have  retained  the  original  SBSI  re-  j 
sistance.  These  observations  indicate  that  cer-  j 
tain  modifier  genes  (probably  recessive)  are  j 
also  necessary  before  the  full  level  of  G.  barba-  i 
dense  resistance  can  be  expressed. 

One  of  the  difficulties  of  genetic  analyses  of  G. 
barbadense  X  G.  hirsutum  classes  is  the  high 
level  of  sterility  and  abnormality  in  most  F2 
progeny.  The  discovery  (606)  that  G.  barba-  J 
dense  X  G.  hirsutum  'Rex'  crosses  give  normal, 
fertile  progeny  should  facilitate  analysis  of  the 
G.  barbadense  resistance. 

Barrow  (38)  has  pointed  out  that  genetic  an- 
alysis of  tolerance  in  Upland  cottons  is  compli- 
cated  by  heterozygosity  in  what  have  been  con-  j 
sidered  uniform  lines.  Critical  analytical  proce- 
dures (39)  showed  that  resistance  in  'Acala'  cot- 
tons was  due  to  a  single  dominant  gene  (37). 


Sadikovand  Merakhmedov  (466)  have  reported 
that  resistance  of  G.  hirsutum  ssp.  mexicanum 
also  is  due  to  a  dominant  gene.  Brinkerhoff  et  al. 
(99)  concluded  from  diallel  analyses  involving 
10  Upland  cottons  in  the  field  that  resistance  to 
Verticillium  wilt  was  controlled  primarily  by  re- 
cessive genes.  Many  of  the  genes  that  regulate 
Verticillium  wilt  resistance  possibly  remain  to 
be  discovered.  However,  consideration  of  the 
critical  requirements  for  their  expression  as 
shown  by  Barrow  (39)  should  make  this  task 
much  easier. 

The  developmental  stage  of  both  the  plant  and 
individual  tissues,  such  as  leaf  parenchyma  and 
secondary  xylem,  has  a  pronounced  effect  on  re- 
sistance. I  (unpublished)  found  that  germinat- 
ing seed  and  seedlings  of  all  varieties  were  im- 
mune to  infection  through  the  taproot  when  the 
root  was  inoculated  by  dipping  it  into  conid- 
ial  suspensions.  This  immunity  was  lost  simul- 
taneously with  the  emergence  of  secondary  roots 
4  to  6  days  after  planting.  Seedlings,  root-inocu- 
lated 6  to  10  days  after  planting,  expressed  a 
false  resistance  pattern;  G.  barbadense  lines 
were  frequently  more  susceptible  than  G.  hirsu- 
tum lines  developed  for  Fusarium  wilt  resist- 
ance. Stem-puncture  inoculations  have  usually 
killed  all  varieties  of  very  young  seedlings. 
Khash  (298)  and  Guseva  and  Popov  (227)  also 
found  that  all  cottons,  regardless  of  genetic  lev- 
els of  resistance,  were  susceptible  to  stem  inocu- 
lations and  died  rapidly  in  the  cotyledonary  stage 
of  development. 

From  8  to  12  days  after  planting  until  plants 
have  developed  three  to  six  true  leaves,  the  rate 
and  severity  of  disease  development,  particularly 
in  susceptible  varieties,  is  less  than  in  older 
plants,  when  they  are  root-inoculated.  Presley 
and  Taylor  (U3h)  have  shown  that  the  end  walls 
of  the  xylem  vessels  are  still  present  in  most  of 
the  hypocotyls  of  such  plants,  and  as  a  conse- 
quence there  is  little  upward  or  downward 
I  spread  of  the  fungus.  The  end  walls  disappear 
gradually  with  increasing  age.  By  the  time  four 
to  six  leaves  are  present  (usually  4  to  6  weeks 
after  planting) ,  the  vessels  of  the  hypocotyl  and 
lower  epicotyl  are  open.  This  vessel  ontogeny  ac- 
counts, at  least  in  part,  for  the  apparent  resist- 
ance of  young  field  plants.  Garber  (196)  re- 
ported that  when  4-,  10-,  and  16-week-old  plants 
were  inoculated,  the  rate  of  disease  progress  was 
negatively  related  to  age.  An  increase  of  resist- 
ance with  aging  beyond  the  growth  of  four  to 


six  true  leaves  has  also  been  noted  by  others 
(227,  298,  388)  and  in  my  work  (55) . 

Krasilnikov  et  al.  (303)  reported  an  opposite 
effect  of  age  on  the  sensitivity  of  cotton  cuttings 
to  culture  filtrates  of  V.  dahliae  Kleb.  Older  and 
susceptible  plants  wilted  sooner  and  more  in- 
tensely than  younger  and  resistant  plants. 

Maximum  resistance  usually  develops  2  to  4 
weeks  after  initial  flowering.  A  decrease  in  re- 
sistance occurs  as  the  fruit  load  develops  and  the 
cambium  becomes  dormant.  The  rate  and  extent 
of  this  decline  in  resistance  is  directly  related  to 
the  extent  of  the  fruit  load  and  the  degree  of 
determinacy  (or  dormancy)  of  the  cambium. 
Artificial  defruiting  usually  prevents  this  de- 
cline in  resistance  and  likewise  prevents  cambial 
dormancy.  Potatoes  show  a  similar  marked  in- 
crease of  susceptibility  to  Verticillium  wilt  with 
the  onset  of  tuber  formation  (109).  Manipulat- 
ing the  photoperiod  to  prevent  tuber  formation 
also  maintains  resistance. 

Minton  and  Bird  (369)  and  Fedotova  et  al. 
(185)  found  the  incidence  and  severity  of  Verti- 
cillium wilt  of  cotton  to  be  inversely  related  to 
the  degree  of  seed  quality.  Whether  this  was  due 
to  physiological  differences  in  plants  obtained 
from  the  seed  or  due  to  differences  in  stand  ob- 
tained was  not  determined.  Several  workers  (76, 
330,  372)  have  reported  a  direct  relationship  be- 
tween population  densities  and  resistance  of  cot- 
ton plants  to  Verticillium  wilt.  Any  condition 
(shading,  short  photoperiod,  high  nutritional 
levels,  high  moisture  levels,  low  temperature,  or 
poor  seed  quality)  that  causes  the  host  to  assume 
a  more  succulent  physiological  stage  and  slows 
its  rate  of  growth  and  development  also  causes 
a  decrease  in  its  resistance  to  Verticillium  wilt. 
These  factors  will  be  discussed  in  more  detail  in 
a  later  section. 

Effect  of  Pathogen 

Increasing  virulence  or  inoculum  potential 
of  the  pathogen  has  a  negative  effect  on  host  re- 
sistance. The  increased  severity  and  occurrence 
of  Verticillium  wilt  in  the  first  varieties  devel- 
oped for  Verticillium  wilt  resistance  have  been 
attributed  to  the  appearance  of  more  virulent 
strains  of  the  fungus  in  Peru  (235,  U82) ,  Russia 
(331,  601),  Mexico  (346) ,  and  the  United  States 
(31+6,  489).  These  strains  are  characterized  by 
their  ability  to  completely  defoliate  and  kill 
Verticillium-toler ant  varieties  such  as  'Acala  4- 
42'  and  '108-F'  under  greenhouse  conditions  with 
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moderate  levels  of  nutrition,  moisture,  and  fa- 
vorable temperatures  for  disease  development 
(22°  to  25°  C.) .  These  more  virulent  strains  are 
referred  to  as  defoliating  isolates.  Mirpulatova 
(872)  reported  increased  virulence  of  V.  dahliae 
after  repeated  passage  of  the  fungus  through 
the  resistant  cotton  variety  '108-F',  but  not  after 
passage  through  the  susceptible  variety  '2034'. 

We  have  screened  a  world  collection  of  Verti- 
cillium  spp.,  isolated  from  cotton  in  all  conti- 
nents and  from  more  than  20  hosts  other  than 
cotton,  on  susceptible,  tolerant,  and  resistant  va- 
rieties of  cotton  in  the  greenhouse  and  field  (58, 
61,  263,  unpublished).  Within  this  collection 
there  was  a  continuous  gradation  of  virulence 
from  strains  that  caused  no  symptoms  under  any 
condition  to  those  that  defoliated  and  killed  the 
most  resistant  variety  in  the  greenhouse  at  22°  C. 
Although  there  was  great  variability  in  the  viru- 
lence of  this  collection  of  strains,  they  could  not 
be  divided  into  distinct  genetic  races.  A  number 
of  isolates  could  be  classified  as  defoliating  under 
one  set  of  conditions  or  in  a  given  variety,  but 
would  be  classified  as  mild  under  another  set  of 
conditions  or  in  another  variety.  A  set  of  strains, 
however,  had  the  same  relative  virulence  regard- 
less of  the  host  variety.  This  contrasts  with  races 
of  Xanthomonas  malvacearum  (E.F.Sm)  Dows., 
which  may  be  distinguished  by  their  reciprocal 
virulence  to  differential  cotton  varieties.  Isolates 
of  V.  nigrescens  Pethybr.,  V.  nubilum  Pethybr., 
and  V.  tricorpus  Isaac  caused  some  vascular 
browning,  but  no  outward  symptoms  when  they 
were  inoculated  by  stem  puncture  into  cotton. 
Strains  of  V.  albo-atrum  and  V.  dahliae  varied 
from  avirulent  to  those  causing  severe  wilt.  Dark 
mycelial  isolates  of  V.  albo-atrum  did  not  cause 
complete  defoliation  of  any  cotton  variety. 

The  serological  relationships  of  Verticillium 
spp.  and  strains  varying  in  virulence  to  cotton 
have  been  studied  (481,  616).  Although  serolog- 
ical differences  among  both  species  and  strains 
were  shown,  no  clear  relationship  between  spe- 
cific antigens  and  virulence  to  cotton  was  found. 

The  virulence  of  Verticillium  spp.  to  cotton 
has  been  positively  correlated  with  pectinase  and 
cellulase  production  on  a  raw  cotton-sucrose- 
mineral  salts  medium  (61);  the  ability  of  the 
fungus  to  detoxify  the  alkaloid  sanguinarine 
(263,  430);  the  percentage  of  vascular  system 
colonized  by  the  fungus  (58) ;  the  quantity  of 
tannin  and  gossypol-related  terpenoid  induced 


during  3  weeks  of  infection  (58);  the  ability  of 
the  fungus  to  tolerate  fungistatic  levels  of  gossy- 
pol  in  liquid  culture  (263) ;  and  the  ability  of  the 
fungus  to  grow  and  sporulate  in  cotton  leaf  ex- 
tracts (unpublished).  Virulence  is  negatively 
correlated  with  phytoalexin  content  of  cotton 
tissues  48  hr.  after  inoculation  (55) ;  rate  of 
polyphenol  (catechin,  dopamine,  and  chlorgenic 
acid)  oxidation  by  the  fungus  in  liquid  potato 
sucrose  cultures  (263,  unpublished) ;  and  the 
utilization  of  ammonium  ions  by  the  fungus  from 
a  peptone  medium  (563) . 

Little  has  been  done  to  describe  the  genetics 
of  virulence  in  Verticillium  spp.  Both  Howell 
(262)  and  Tolmsoff  (554)  have  noted  that 
homozygous  diploids,  produced  from  defoliating 
strains,  are  avirulent  or  only  slightly  virulent  to 
cotton.  Haploids  and  the  corresponding  homo- 
zygous diploids  differ  in  numerous  physiologi- 
cal characteristics.  This  has  led  Tolmsoff  (554) 
to  postulate  that  much  of  the  variability  in 
Verticillium  may  be  due  to  position  effects  on 
gene  repression-depression  brought  about  by 
scrambling  and  rearrangement  of  the  chromo- 
some. However,  virulence  in  Verticillium  is  like- 
ly controlled  by  a  number  of  different  genes.  Co- 
ordinated genetic  and  physiological  research  is 
needed  before  the  genetics  of  Verticillium  viru- 
lence can  be  described. 

Some  of  the  effects  of  population  levels  and 
inoculum  potentials  on  the  occurrence  of  Verti- 
cillium wilt  and  on  the  relative  resistance  of  the 
host  to  the  disease  have  been  reviewed  by  Powel- 
son  (425).  Schnathorst  (479)  reported  a  direct 
relation  between  virulence  and  the  inoculum  po- 
tential, when  cell  suspensions  from  each  of  12 
isolates  from  12  different  host  species  were  used 
to  inoculate  'Deltapine  15'  by  root  dipping. 
Schnathorst  proposed  the  following  formula  for 
predicting  the  virulence  of  isolates:  /  (inoculum 
potential)  =VNIn,  where  V=viability,  N== 
number  of  conidia  or  turbidity  of  conidial  sus- 
pension, and  In=  the  percentage  of  viable  units 
infecting  the  host.  Disease  severity  (S)  was  pro- 
portional to  log  /.  We  have  reexamined  Schnat- 
horst's  postulates  (58,  61,  263,  unpublished). 
While  /  is  related  to  S  for  a  given  strain  or  a 
group  of  strains  with  similar  potentials  for  viru- 
lence, /  and  S  were  not  significantly  correlated 
when  a  large  group  of  strains,  including  exten- 
sive genetic  variation  for  virulence,  was  studied. 
We  have  concluded  that  /  is  probably  important 
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for  determining  the  virulence  of  a  given  strain 
under  variable  field  conditions,  but  that  it  is  not 
a  major  determinate  of  the  genetic  potential  of  a 
strain  for  virulence. 

Increased  wilt  incidence  and  severity  have 
been  related  in  mint  to  populations  of  viable 
propagules  in  the  soil  (313)  and  in  cotton  to 
amounts  of  infected  trash  returned  to  the  soil 
(63,  329,  Jf61) .  Microsclerotia  are  formed  in  in- 
fected cotton  leaves,  stems,  and  roots  buried  in 
moist  soil  (63,  98) .  In  a  comparative  study  of  in- 
fected leaves,  stems,  and  roots,  Benken  (63) 
found  that  leaves  caused  the  greatest  and  roots 
the  least  increase  in  inoculum  potential. 

Effect  of  Environment 

The  following  environmental  components  have 
been  shown  to  or  have  been  suggested  to  influ- 
ence the  relative  resistance  of  cotton  to  Verticil- 
lium  wilt: 

Temperature — Temperature  has  a  marked  in- 
fluence on  the  occurrence  and  severity  of  cotton 
wilt  (3,  39,  59,  60,  97,  19U,  197,  232,  328,  U02, 
Ml,  472,  615,  620) .  When  a  defoliating  strain  of 
the  fungus  is  present,  the  critical  temperature 
range  for  disease  development  is  25°  to  30°  C. 
(77°  to  86°  F.) .  At  a  mean  temperature  of  30°  C. 
most  wilt-tolerant  Upland  varieties  are  totally 
resistent;  as  temperature  decreases,  resistance 
decreases  until  total  defoliation  occurs  at  a  mean 
temperature  of  25°  C.  (60).  When  cotton  is  in- 
fected with  a  mild  strain  of  a  Verticillium,  the 
critical  temperature  range  is  lower,  but  the  cot- 
ton reaction  still  changes  from  resistance  to  sus- 
ceptibility over  a  range  of  about  5°  C.  (39) .  High 
temperatures  can  cause  recovery  and  induced 
immunity  in  previously  infected  plants  and  cur- 
tail infection  of  healthy  plants  (59).  Tempera- 
tures from  26°  to  28°  C.  for  defoliating  fungal 
strains  and  23°  to  25°  C.  for  mild  fungal  strains 
best  distinguished  genetic  levels  of  resistance  in 
cotton  (39,  60).  The  marked  increase  in  resist- 
ance as  temperatures  increase  from  23°  to  30°  C. 
appears  to  be  due  to  an  increase  in  the  rate  of  the 
host's  defense  metabolism  and  a  concurrent  de- 
crease in  the  growth  and  sporulation  rates  of  the 
fungus.  Mild  strains  of  Verticillium  spp.  are 
usually  more  severely  affected  by  this  tempera- 
ture increase  than  defoliating  strains  (615,  un- 
published data) .  It  is  interesting  to  note  that 
dropping  the  temperature  from  30°  to  22°  C. 
(85°  to  72°  F.)  has  more  influence  on  the  re- 


sistance of  cotton  to  Verticillium  wilt  than  the 
total  genetic  variability  known  to  occur  in  the 
genus  Gossypium. 

Light — Adylkhodzhaev  (7)  reported  that 
when  G.  hirsutum  ssp.  mexicanum  was  grown 
under  normal  day  lengths,  12.5%,  25%,  and 
73%  of  the  plants  became  infected  after  1,  2, 
and  4  consecutive  inoculations,  respectively; 
grown  under  short  days,  20%,  60%,  and  71.4% 
of  the  plants  were  infected  after  1, 2,  and  4  inocu- 
lations, respectively.  Fakirov  (177)  also  ob- 
served enhanced  development  of  wilt  under  short 
days.  The  late-ripening  varieties  were  especially 
more  susceptible  under  short  days.  Under  green- 
house conditions  in  Maryland  I  frequently  ob- 
served that  earliness  of  flowering  and  suscep- 
tibility to  Verticillium  increased  during  winter 
months  for  many  of  the  resistant  G.  barbadense 
varieties  (unpublished).  The  effects  were  simi- 
lar but  less  pronounced  in  Upland  cottons.  Many 
of  the  G.  barbadense  lines  and  most  of  the  diploid 
species  have  considerably  more  resistance  under 
field  conditions  than  under  greenhouse  condi- 
tions when  temperatures  and  nutrition  appear 
to  be  comparable.  Again,  this  effect  is  less  pro- 
nounced in  cultivated  G.  hirsutum  varieties. 
More  recently,  Howell  and  I  have  observed  seem- 
ingly greater  levels  of  resistance  in  controlled 
environmental  chambers  than  in  the  greenhouse 
(unpublished).  Studies  to  determine  the  effects 
of  photoperiod,  light  intensity,  and  light  quality 
on  wilt  development  are  needed. 

Soil  moisture — Some  effects  of  irrigation  and 
soil  moisture  levels  on  wilt  severity  and  occur- 
rence have  been  reviewed  (1 63,  U55) .  Resistance 
to  wilt  is  invariably  negatively  correlated  with 
irrigation  frequency  and  duration.  Excessive  ir- 
rigation (frequency  or  duration)  beyond  the 
minimum  amounts  required  for  optimum  yields 
is  particularly  damaging  (108,  329,  33U).  In 
greenhouse  tests  soil  moisture  levels  of  25%, 
40%,  55%,  70%  and  85%  of  field  capacity  re- 
sulted in  5%,  11.5%,  50.5%,  63.0%,  and  59.0% 
wilt,  respectively  (329) .  However,  plants  grown 
with  moisture  levels  less  than  55%  were  stunted 
and  did  not  produce  well. 

High  moisture  levels  probably  contribute  to 
decreased  resistance  in  several  ways.  Caroselli 
(115)  found  that  feeding  supplementary  water 
directly  into  trunks  of  maple  trees  increased 
sapwood  moisture  content  from  37  %  to  52.2  % 
and  average  wilt  from  12  %  to  34%  ,  respective- 
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ly.  A  similar  increase  in  sapwood  discoloration 
resulted  from  the  supplemental  water.  Guinn 
and  Brinkerhoff  (223)  found  that  poor  aera- 
tion of  roots,  which  results  from  excess  mois- 
ture, caused  pronounced  increases  in  sugar 
content  of  roots,  hypocotyls,  epicotyls,  and  leaves 
and  a  large  increase  in  alanine  content  of  roots 
and  xylem  sap.  Smaller  increases  occurred  in 
other  amino  acids.  Extracts  from  oxygen-de- 
ficient roots  supported  more  growth  of  V.  albo- 
atrum  in  shake  cultures  than  did  extracts  from 
aerated  roots.  Three  of  four  varieties  had  more 
severe  wilt  symptoms  in  nonaerated  than  in 
aerated  nutrient  solutions.  Increased  moisture 
levels  also  lower  soil  and  plant  tissue  tempera- 
tures by  allowing  increased  rates  of  evaporation 
and  transpiration. 

Major  elements  (N,P,K) — In  general,  the  resist- 
ance of  cotton  to  wilt  is  negatively  related  to  the 
availability  of  N  and  directly  related  to  the  avail- 
ability of  K  (62,  163,  33b,  427,  438,  620).  The 
effects  of  P  are  variable  and  depend  on  the  N  and 
K  levels.  Although  high  N  levels  result  in  in- 
creased occurrence  and  severity  of  wilt,  they  still 
may  result  in  the  greatest  yields  (620).  Under 
controlled  nutrient  conditions  (1,  389,  438)  Fus- 
arium  and  Verticillium  wilts  were  more  severe 
at  low  and  high  N  levels  than  they  were  at  inter- 
mediate N  levels;  the  severity  of  both  diseases 
was  negatively  related  to  the  K  content  of  the 
nutrient.  The  requirement  for  an  optimal  con- 
centration of  N  for  the  highest  level  of  wilt  re- 
sistance is  also  indicated  by  field  studies  (372, 
374,  3S5).Neal  and  Sinclair  (395)  reported  that 
sidedressing  with  32  lb. /acre  of  N  as  NaN03  de- 
creased the  incidence  of  wilt  in  six  of  eight  va- 
rieties during  a  2-year  study. 

Several  workers  (62,283,372,438)  have  noted 
that  increasing  applications  of  N,  as  urea,  result 
in  increased  resistance  to  wilt.  Urea  can  be  ap- 
plied in  nutrient  solutions  (438),  as  dry  fertil- 
izer (200  kg./ha.)  before  planting  (372),  or  as 
a  1.5%  spray  at  the  four-  to  five-leaf  stage 
(374).  In  cultures  of  V.  dahliae  urea  induced 
growth  primarily  as  microsclerotia,  while  NH4+ 
and  NOy  ions  encouraged  mycelial  growth  and 
conidial  production  (287).  As  urea  concentra- 
tions were  increased,  the  percentage  of  growth 
converted  to  microsclerotia  was  increased.  These 
observations  indicate  that  different  forms  of 
nitrogen  may  differentially  affect  fungal  physi- 
ology and  thereby  change  fungal  virulence  to 


cotton.  Additional  experiments  to  determine  the 
effects  of  urea  on  resistance  and  fungal  physi- 
ology should  be  undertaken. 

Minor  elements — Considerable  work  on  the  ef- 
fects of  minor  elements  on  wilt  occurrence  has 
been  done  in  Russia  (21,  22,  29,  222,  271,  283, 
284,  358,  390,  622).  Mn++  and  Zn++  were  the 
ions  that  most  frequently  reduced  wilt,  whether 
applied  by  soaking  seed,  incorporating  into  fer- 
tilizer, or  spraying  on  foliage.  Zn++,  Cu++,  B407=, 
and  Co++  also,  gave  slight  reductions  of  wilt  in 
some  tests.  Young  et  al.  (620)  found  no  effect 
of  Cu++  applications  in  Arkansas,  and  Long- 
necker  (334)  reported  negative  results  in  re- 
ducing wilt  through  Fe+++,  Mn++,  Zn++,  Cu++, 
B407=,  or  Mo04=  applications  in  the  El  Paso  Val- 
ley of  Texas.  When  cotton  was  grown  in  nutrient 
sand  cultures,  striking  increases  in  Verticillium 
wilt  resistance  resulted  from  125  p. p.m.  Zn++  and 
slight  increases  from  25  p.p.m.  Zn++  (286) .  How- 
ever, the  effective  concentrations  were  toxic  to 
the  host.  Presley  and  I  (unpublished)  obtained 
similar  results  with  10-3  M  CuCl2  in  hydroponic 
cultures  of  cotton.  However,  when  the  same  con- 
centration was  added  to  soils,  a  slight  increase 
in  susceptibility  occurred  (unpublished).  This 
indicates  the  danger  of  extrapolating  nutrient 
culture  results  to  field  studies.  Many  soils  have 
a  great  affinity  for  cations  of  minor  elements, 
and  the  available  concentrations  may  be  en- 
tirely different  from  the  applied  concentra- 
tions. Whether  the  minor  elements  affect  the 
host,  the  fungus,  or  both  has  not  been  ascer- 
tained. However,  50  to  100  p.p.m.  of  Cu++,  Al+++, 
Cd++,  Ni++,  MoOr,  or  Mn++  and  500  p.p.m.  of 
Co++  or  Zn+"  have  been  reported  to  inhibit  growth 
of  V.  dahliae  in  nutrient  cultures  (287) .  Mo04=, 
Mn++,  or  Cu++  have  also  been  shown  to  increase 
the  suppressing  activity  of  certain  Actinomy- 
cetes  (21).  Also,  MoO,=  was  found  to  enhance 
nitrate  reductase  activity,  proteinase  activity, 
and  general  N  metabolism  in  Verticillium-m- 
fected  cotton  (390). 

Soil  texture  and  organic  content — Rudolf  and 
Harrison  (462)  and  Miles  (365)  noted  that 
Verticillium  wilt  usually  occurred  on  heavier 
soils  such  as  delta  gumbo  (heavy  sedimentary 
loam),  rich  loamy  bottomland  soil,  or  clay.  The 
disease  was  not  established  on  light  sandy  soils 
where  Fusarium  typically  occurred.  These  ob- 
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servations  have  been  repeated  by  others  and  re- 
viewed by  Abdel-Raheem  and  Bird  (2).  They 
evaluated  the  effects  of  soil  texture  and  organic 
matter  on  resistance  to  Fusarium  and  Verti- 
cillium  wilts  under  greenhouse  conditions  with 
a  variety  of  cotton  susceptible  to  both  pathogens. 
Resistance  to  Verticillium  wilt  decreased  pro- 
gressively as  the  percentage  of  clay  in  the  soil 
was  increased  and  was  decreased  further  by  the 
addition  of  organic  matter.  The  resistance  of  a 
wilt-tolerant  variety  was  unaffected  by  soil  tex- 
ture and  organic  matter.  Heavy  soils,  as  com- 
pared to  sandy  soils,  may  reduce  resistance  by 
decreasing  aeration  in  the  root  zone  or  by  de- 
creasing soil  temperatures  (because  of  the 
greater  water-holding  capacity  and  sustained 
rates  of  evaporation  of  these  soils  following  rain 
or  irrigation).  However,  more  data  must  be  ob- 
tained before  the  exact  roles  of  soil  texture  and 
organic  matter  can  be  determined. 

Soil  flora  and  fauna — Literature  suggesting 
that  host  resistance  may  be  altered  by  nematodes 
(424)  and  other  soil  organisms  (31)  has  been 
reviewed.  Little  or  no  effect  of  nematodes  on  in- 
cidence of  Verticillium  wilt  in  cotton  has  been 
found  (42,  350,  368,  400,  522).  Most  of  these 
studies  have  involved  comparisons  of  wilt  se- 
verity in  fumigated  and  unfumigated  plots  con- 
taining both  organisms.  Although  the  effects  of 
fumigants  on  nematode  populations  were  meas- 
ured, the  corresponding  effects  on  Verticillium 
inoculum  and  soil  microflora  were  not  deter- 
mined. As  a  consequence,  the  meaning  of  these 
experiments  is  questionable.  A  synergistic  inter- 
action of  the  nematode  Pratylenchus  penetrans 
(Cobb)  Filipjev  &  Stekhoven  and  Verticillium 
wilt  of  potato  has  been  demonstrated  (424). 
While  an  effect  of  nematodes  on  the  resistance 
I  of  cotton  to  wilts  has  not  been  clearly  demon- 
strated, numerous  workers  (16,  36,  59,  202,  299, 
347, 376,  485,  486,  490)  have  shown  that  host  re- 
sistance (also  referred  to  as  cross-protection 
and  induced  immunity)  is  increased  by  fungi 
found  in  the  cotton  root  rhizosphere.  Jacobs  and 
Dougherty  (285)  also  reported  that  inoculation 
of  cotton  with  filtrates  of  two  out  of  12  common 
plant  viruses  enhanced  resistance  to  Verticillium 
wilt  10  days  later;  the  remaining  viruses  had  lit- 
tle or  no  effect  on  wilt.  Thielaviopsis  basicola 
(Berk.  &  Br.)  Ferr.  both  enhanced  (347,  376, 
477)  and  decreased  (347)  wilt  severity,  depend- 


ing on  inoculum  potentials  and  environment. 
Rhizoctonia  solani  Kuehn  (299)  and  Fusarium 
oxysporum  (Schlecht.)  f.  vasinfectum  (Atk.) 
Snyd.  &  Hans.  (16,  376,  485)  increased  or  de- 
creased host  resistance  to  Verticillium  wilt,  de- 
pending on  the  genetic  level  of  resistance  in  cot- 
ton and  the  timing  sequence  of  inoculation. 
Fungal  species  that  reduced  the  incidence  of 
Verticillium  wilt  severity  when  they  were  ap- 
plied to  soil  or  cotton  roots  include  Aspergillus 
terreus  Thorn.,  A.  melleus  Yukawa,  Penicillium 
funiculosum  Thorn.,  Cephalosporium  sp.,  Choe- 
tomium  sp.,  Gliocladium  sp.,  Gonatorrhodiella 
sp.,  Botryodiplodia  sp.,  Phoma  sp.,  and  Colleto- 
trichum  gosstjpii  Southworth  (202, 376) .  Fungal 
species  that  are  reported  to  enhance  development 
of  wilt  include  Trichoderma  viride  Pers.  ex  Fr., 
Penicillium  nigricans  Bainier,  T.  roseum  Lk.  ex 
Fr.,  Alternaria  sp.,  Curvularia  sp.,  Macropho- 
mina  sp.,  and  Volutella  sp.  (202,  376).  Several 
fungal  species  also  enhance  the  resistance  of 
okra  to  Verticillium  wilt  (51 ) . 

When  cotton  is  inoculated  with  conidia  from 
mild  or  avirulent  strains  (36,  59,  485,  486,  490) 
or  from  heat-killed  virulent  strains  (59)  of 
Verticillium  spp.,  host  resistance  to  subsequent 
inoculations  with  virulent  strains  increases  con- 
siderably. Likewise,  inoculating  with  a  virulent 
strain  at  a  temperature  unfavorable  for  disease 
development  increases  resistance  to  a  second  in- 
oculation with  the  same  strain  at  a  temperature 
favoring  disease  development  (59).  This  cross- 
protection  (or  induced  immunity)  occurs  after 
both  root  (485,  486,  490)  and  stem-puncture  in- 
oculations (36,  59)  and  in  both  the  greenhouse 
(59,  485,  486.  490)  and  field  (36) . 

Induction  of  acquired  resistance  to  Verticil- 
lium wilt  by  various  fungi  has  been  ascribed  to 
the  induced  synthesis  of  an  internal  systemic 
toxin  by  the  host  (485,  486,  490),  to  formation 
of  phytoalexins  in  the  root  cortex  and  xylem  ves- 
sels (59) ,  to  release  of  diffusible  substances  that 
inhibit  the  pathogens  (376),  and  to  vascular 
plugging  (376). 

Chemicals — Resistance  to  Verticillium  wilt  in 
cotton  was  increased  by  applications  of  growth 
regulators  (69,  88,  169,  437),  phenolic  com- 
pounds (454) ,  and  metallic  ions.  A  similar  effect 
was  obtained  in  eggplant  with  8-hydroxyquino- 
line,  hydroquinone,  and  ascorbic  acid  and  in  ma- 
ple with  8-hydroxyquinoline  (626).  These  com- 
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pounds  and  other  chemicals  (for  example  cate- 
chol, ortho-  and  para-phenylenediamine,  ethyl- 
ene, catechin,  2,3,6-trichorophenoxyacetic  acid) 
induce  resistance  and  phytoalexin  synthesis 
when  they  are  injected  into  the  xylem  of  cotton 

LOCALIZATION  OF 

Early  studies  of  Fusarium  wilt  in  tomato  (re- 
viewed by  152,  201)  indicated  that  wilt  resist- 
ance may  be  confined  to  root  tissues.  These  con- 
clusions were  derived  from  reciprocal  graft  ex- 
periments involving  scions  and  roots  from  sus- 
ceptible and  resistant  plants.  Both  resistant  and 
susceptible  scions  became  severely  diseased  on 
susceptible  rootstalks.  Both  remained  resistant 
on  resistant  rootstalks. 

Using  tolerant  'Acala  4-42'  and  susceptible 
'Deltapine  15'  varieties  of  cotton,  Garber  (196) 
performed  similar  experiments  with  V.  albo- 
atrum;  similar  results  were  obtained.  He  also 
suggested  that  fungal  colonization  and  symptom 
expression  in  the  leaves  were  governed  primarily 
by  some  characteristic  of  the  root  system. 

Russian  workers  using  tolerant  and  suscep- 
tible varieties  of  cotton  (6,  391,  466,  467)  ob- 
tained similar  results  with  V.  dahliae.  However, 
when  grafts  were  made  between  the  more  re- 
sistant G.  hirsutum  ssp.  mexicanum  or  G.  trilo- 
bum  (Mox.  &  Sess.  ex  DC.)  Skov.  emend  Kearn. 
(or  the  highly  resistant  G.  barbadense  '10,964') 
and  susceptible  varieties,  different  results  were 
obtained.  In  these  cases  resistant  scions  on  sus- 
ceptible roots  still  exhibited  resistance,  and  the 
vascular  tissues  of  the  scions  were  much  less  af- 
fected than  those  of  the  rootstalks.  When  sus- 
ceptible scions  were  grafted  on  resistant  root- 
stalks, the  rootstalks  became  more  extensively 
infected  than  when  they  had  resistant  scions 
(370,  371,  466,  467).  They  concluded  that  ex- 
pressions of  resistance  to  Verticillium  wilt  oc- 
curred in  both  the  root  and  stem  of  cotton. 

My  grafting  experiments  (unpublished)  have 
given  results  similar  to  those  of  the  Russian 
workers.  Susceptible  'Stardel',  tolerant  'Acala 
4-42-77',  and  resistant  SBSI  were  whip  grafted 
and  approach  grafted  in  all  possible  combina- 
tions. Plants  were  inoculated  with  conidia  of  V. 
albo-atrum  by  immersing  the  severed  scion  of 
approach  grafts  into  conidial  suspensions,  by 
stem  puncture  of  the  scion  or  rootstalk,  or  by 
root  dipping.  SBSI  scions  exhibited  resistance 
regardless  of  the  rootstalk,  but  they  were  in- 
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(53,  56,  unpublished).  These  compounds  are 
either  peroxidase  substrates,  or  they  affect  the 
peroxidase  activity  of  the  host.  Peroxidase  en- 
zymes appear  to  be  required  for  phytoalexin  syn- 
thesis in  cotton  (56). 

HOST  RESISTANCE 

hibited  more  in  their  growth  on  inoculated 
'Stardel'  and  'Acala'  rootstalks.  'Acala'  scions  on 
'Stardel'  roots  were  tolerant  when  inoculations 
were  made  into  the  scion,  but  susceptible  when 
inoculations  were  made  into  the  root.  We  have 
concluded  that  the  loss  of  resistance  of  tolerant 
scions  on  susceptible  roots  is  due  to  the  change  of 
inoculum  potential  in  the  rootstalk  and  not  to  the 
absence  of  or  changes  in  the  resistant  responses 
of  the  scion.  Talboys  (543)  obtained  similar  re- 
sults from  grafting  experiments  with  hops  and 
reached  similar  conclusions  about  resistance  to 
Verticillium  wilt. 

That  resistance  occurs  both  in  the  scion  and 
root  is  also  indicated  by  the  fact  that  cotton 
plants  inoculated  by  stem  puncture  exhibit  the 
same  relative  varietal  resistance  to  both  Fusar- 
ium and  Verticillium  wilt  as  root-inoculated 
plants  in  the  greenhouse  or  plants  naturally  in- 
fected in  the  field  (94, 106, 107).  Since  inocula- 
tion by  stem  puncture  bypasses  the  root,  these 
experiments  demonstrate  that  resistance  is  ex- 
hibited in  the  scion.  The  severity  of  infection  in 
plants  inoculated  by  stem  puncture  is  deter- 
mined by  the  inoculum  density  of  the  fungus  as 
well  as  by  the  genetic  level  of  resistance  in  the 
host. 

Resistance  also  occurs  in  tissues  other  than 
the  stem  and  roots.  The  boll  endocarp  and  bark 
of  the  old  stems  of  cotton  have  never  been  re- 
ported to  be  penetrated  by  Verticillium  spp.  re- 
gardless of  the  genetic  level  of  resistance  in  the 
host.  Several  workers  (196,  329,  461)  have  sug- 
gested that  symptoms  in  cotton  leaves  are  as- 
sociated with  fungal  colonization  of  leaf  veins 
and  mycelial  invasion  of  parenchyma  cells.  Fedo- 
tova  et  al.  (186)  have  therefore  proposed  that 
leaf  inoculations  be  used  to  evaluate  cottons  for 
resistance.  Symptoms  of  Verticillium  wilt  in 
chrysanthemum,  tomato,  and  eggplant  have  also 
been  related  to  colonization  of  the  leaf  (233, 
435).  Inoculated  leaves  of  resistant  tomatoes 
showed  fewer  and  milder  symptoms  than  those 
of  susceptible  tomatoes  (216). 


FUNGAL  INFECTION  AND  DEVELOPMENT 


The  penetration  and  development  of  V.  albo- 
atrum  in  both  tolerant  and  susceptible  cottons 
has  been  studied  by  Garber  and  Houston  (195, 
196)  and  Al-Shukri  ( 1 5) .  The  fungus  penetrated 
the  root  directly  and  grew  intracellular^,  reach- 
ing the  xylem  in  less  than  3  days  after  inocula- 
tion. Most  hyphae  that  attempted  penetration 
were  prevented  from  reaching  the  vascular  tis- 
sues by  lignification  of  the  epidermal  cell  walls. 
The  percentage  of  penetration  attempts  that 
failed  increased  as  the  distance  from  the  root 
tip  increased.  The  fungus  was  unable  to  pene- 
trate mature  root  cells  beyond  the  zone  of  mat- 
uration. The  quantity  of  vessel  elements  in- 
vaded at  primary  invasion  sites  did  not  appear 
to  be  related  to  differences  in  levels  of  wilt  tol- 
erance among  varieties.  Sections  cut  higher  on 
the  root,  stem,  and  leaves  from  the  point  of 
xylem  penetration,  however,  revealed  much  more 
extensive  and  intensive  fungus  development  in 
the  less  tolerant  variety;  more  vessels  were  in- 
vaded and  more  conidia  were  present  in  the  sus- 
ceptible variety.  Schnathorst  (U92)  reported 
that  tracheal  fluids  from  an  infected,  suscepti- 
ble cotton  variety  had  20-fold  more  conidia  than 
those  from  a  tolerant  variety;  viable  conidia 
were  not  found  in  tracheal  fluids  of  a  strongly 
tolerant  variety. 

Fungal  tissues  in  xylem  vessels  of  the  stem 
apparently  have  no  physical  connection  with 
mycelia  in  the  taproot.  Mycelial  development  in 


the  stems  is  seldom  observed.  Presley  et  al.  (U32) 
found  that  conidia  of  V.  albo-atrum  introduced 
into  cut  stem  ends  (at  the  soil  line)  of  resistant, 
tolerant,  or  susceptible  cotton  varieties  could  be 
isolated  from  the  tops  of  plants  in  24  hr.  They 
concluded,  like  Garber  and  Houston  (195),  that 
rapid  fungus  distribution  in  the  plants  occurs 
by  conidial  movement  in  the  vessels. 

Schnathorst  et  al.  (A93)  have  shown  that 
conidial  movement  occurs  in  the  upward  and 
downward  directions  to  about  the  same  extent; 
this  bipolar  spread  of  infection  was  too  rapid  to 
be  caused  by  mycelial  growth.  Presley  and  Tay- 
lor (U3U)  have  further  demonstrated  that  the 
end  walls  of  the  xylem  vessels  of  both  susceptible 
and  resistant  varieties  disappeared  and  that  the 
xylem  formed  an  open  network  after  plants  had 
developed  four  to  six  true  leaves.  Apparently, 
the  conidia  are  carried  to  the  leaf  vessels,  where 
mycelial  growth  occurs  again  and  leaf  symptoms 
subsequently  develop  (329,  1+61).  Garber  and 
Houston  (195)  were  able  to  isolate  V.  albo- 
atrum  from  cotton  leaves  at  least  5  days  before 
disease  symptoms  appeared. 

The  fungus  also  penetrates  and  to  some  ex- 
tent develops  throughout  the  highly  resistant  G. 
barbadense  varieties  (55,  58,  600,  601).  Fungal 
development  in  the  stems  of  these  varieties  was 
considerably  less  than  in  the  stems  of  tolerant 
or  susceptible  varieties  (58) . 


PREINFECTION  RESISTANCE 


Host  Exudates 

Booth  (80,  81)  reported  that  susceptible  cot- 
tons exude  greater  amounts  of  alanine  into  the 
rhizosphere  than  do  tolerant  lines.  Seven  other 
amino  acids  were  exuded  in  similar  amounts  by 
these  varieties.  L-alanine  was  reported  to  en- 
hance endopolygalacturonase  (endoPG)  produc- 
tion and  activity  from  cultures  of  V.  albo-atrum 
in  Czapek-Dox-1.0%  citrus  pectin  medium  (80). 
Using  other  media,  I  (unpublished)  was  unable 
to  confirm  these  effects  of  L-alanine  on  endoPG, 
particularly  when  strict  attention  was  given  to 
maintaining  pH  between  6.0  and  6.5  both  during 
production  and  bioassay  of  the  enzyme. 

Guinn  and  Brinkerhoff  (223)  found  that  L- 
alanine  is  also  the  major  amino  acid  that  accumu- 
lates in  xylem  fluid  and  in  the  root  under  condi- 


tions of  poor  aeration.  Singh  et  al.  (510)  recent- 
ly showed  that  injecting  DL-alanine  into  the 
xylem  increased  both  the  severity  and  rate  of 
development  of  Verticillium  wilt  in  susceptible 
and  tolerant  Upland  cotton  varieties,  but  not  in 
the  resistant  SBSI  variety.  Emmatty  and  Green 
(16U)  reported  that  alanine  and  glutamic  acid 
were  the  most  effective  amino  acids  for  revers- 
ing soil  fungistasis  of  microsclerotia  of  Verti- 
cillium spp.  Thus,  both  the  exudation  of  alanine 
into  the  rhizosphere  and  leakage  into  the  xylem 
vessels  may  have  profound  effects  on  the  rate  of 
host  colonization  by  the  fungus. 

Djavadi  (156)  reported  that  root  exudates 
from  susceptible,  tolerant,  and  resistant  cotton 
varieties  affect  the  respiratory  metabolism  of 
V.  dahliae.  The  extent  of  suppression  by  exudates 
was  directly  related  to  the  resistance  of  the  va- 
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rieties  from  which  they  came.  Scopoletin  was 
identified  as  one  of  the  materials  in  the  exudate 
that  might  be  responsible  for  the  inhibitory  ef- 
fect. 

The  observations  of  Guinn  and  Hunter  (22U) 
and  Christiansen  (127)  further  indicate  that 
exudates  have  a  possible  role  in  wilt  severity. 
Cool  temperatures,  which  enhance  cotton  sus- 
ceptibility to  wilt  (60),  increased  the  sugar  con- 
tent of  all  plant  parts  (22 h) ,  the  starch  content 
of  shoots  (22 %) ,  and  the  amino  acid  content  of 
roots  (223,  224) .  Cool  temperatures  also  caused 
large  increases  in  exudation  of  sugars  and  amino 
acids  by  the  roots  (127) . 

Fungitoxic  Components 

The  major  polyphenol  of  cotton  is  D-catechin 
(62 4).  Other  related  compounds,  DL-gallocate- 
chin,  L-epigallocatechin,  DL-catechin,  and  L- 
epicatechin,  also  occur  in  the  roots  and  leaves  of 
cotton  (292,  464).  About  90%  to  95%  of  the 
catechin  in  the  stele  is  D-catechin  and  the  re- 
maining amount  is  L-epicatechin  (51+) .  Most  of 
the  D-catechin  is  polymerized  into  a  condensed 
tannin  (or  leucoanthocyanin) ,  which  turns  red 
and  decomposes  to  cyanidin,  phlobatannin,  and 
other  compounds  on  being  heated  with  5%  HC1 
in  butanol. 

Babaev  (26)  reported  that  most  resistant  cot- 
ton varieties  contained  more  tannin  (a  mixture 
of  catechins  and  condensed  tannins  soluble  in 
dilute  NaOH  solutions)  than  susceptible  varie- 
ties contained.  He  suggested  that  the  tannin  con- 
tent of  healthy  plants  determined  the  relative 
resistance  to  Verticillium  wilt.  Sadikov  et  al. 
(465)  compared  tannin  contents  in  seven  resist- 
ant varieties.  In  uninfected  plants  tannin  con- 
tent varied  among  different  tissues  and  varie- 
ties. The  tannin  contents  in  the  different  tissues 
of  three  varieties  were  lower  than  in  tissues  of 
the  other  varieties.  When  the  varieties  were  col- 
lected from  infected  field  plots,  they  all  had  simi- 
lar tannin  contents. 

We  (54, 58,  263,  unpublished)  have  confirmed 
some  of  the  observations  made  in  Russia  and 
have  found  that  the  tannin  content  of  young 
leaves  (one  to  five  leaves  back  from  terminals) 
and  root  bark  from  healthy  plants  is  correlated 
with  Verticillium  wilt  resistance.  However,  there 
are  numerous  varietal  exceptions  to  this  general 
relationship.  Susceptible  varieties  developed  for 
northern  cotton-growing  areas  tend  to  be  higher 


in  tannins  than  those  developed  for  southern 
areas. 

The  ability  of  hot-water  extracts  from  leaves, 
bark,  and  stele  from  various  parts  of  the  cotton 
plant  to  support  growth  and  conidial  produc- 
tion of  Verticillium  spp.  is  negatively  related  to 
the  tannin  content  of  the  extracts  (unpublished) . 
The  hot-water-soluble  tannin  in  the  older  bark 
(stem  and  root),  terminal  leaves,  growing  tips, 
and  auxilliary  buds  of  all  varieties  was  adequate 
to  completely .  suppress  growth  of  Verticillium 
spp.  Hot- water-soluble  tannin  concentrations  de- 
creased progressively  as  stems,  petioles,  and 
leaves  aged.  Hot-water-insoluble  condensed  tan- 
nins increased  in  tissues  with  aging. 

I  am  unaware  of  attempts  to  find  fungitoxic 
proteins  in  healthy  cotton  tissues.  However,  two 
reports  suggest  that  this  possibility  should  be 
examined.  Griffiths  and  Isaac  (21 6)  reported  a 
water-soluble,  thermolabile  toxin  in  expressed 
sap  from  tomato  leaves.  This  toxin  inhibited 
conidial  germination  of  Verticillium  spp.  Ander- 
son and  Albersheim  (18)  found  that  extracts  of 
cell  walls  from  cultures  of  sycamore  cells,  from 
tomato  stems,  and  from  bean  hypocotyls  con- 
tained proteins  that  inhibited  the  PG  enzymes  of 
several  different  pathogens. 

Other  Compounds 

Lewis  and  Elliot  (325)  reported  that  the  con- 
centration of  a  lipid  from  Upland  cotton  was  re- 
lated to  Verticillium  wilt  resistance.  This  com- 
pound was  not  identified,  nor  was  its  effect  on 
Verticillium  spp.  determined.  Ferretti  et  al. 
(187)  found  a  yellow-green  fluorescent  material 
in  the  stele  and  nodes  of  certain  genetic  lines  of 
cotton.  These  lines  have  since  been  identified  as 
the  'Paymaster  266'  series  of  breeding  lines, 
which  are  unique  in  their  high  level  of  tolerance 
to  Verticillium  wilt.  The  fluorescent  compound 
has  not  been  identified,  nor  has  its  effect  on 
Verticillium  spp.  been  investigated. 

In  preliminary  studies  (52,  unpublished)  I  ob- 
tained evidence  that  reducing  compounds  and 
lignins  in  cotton  may  be  related  to  resistance  to 
Verticillium  wilt.  Ethanolic  acid  hydrolysates  of 
stem  tissues  from  resistant  and  tolerant  varie- 
ties contained  more  of  Hippert's  ketones  (from 
lignin)  and  furfurals  (from  sugars)  than  hy- 
drolysates from  susceptible  varieties. 
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POSTINFECTION  HOST  RESPONSES 


Morphological  Responses 

The  initial  penetration  of  cotton  roots  by  V. 
dahliae  occurs  within  24  hr.  of  inoculation  and 
largely  through  the  rootcap  and  regions  of  root 
elongation  and  maturation  (15,  195).  In  re- 
sponse to  this  initial  invasion  by  the  fungus,  the 
inner  tangential  wall  of  the  epidermis  becomes 
swollen,  and  occasionally  a  gumlike  deposit  is 
present  in  the  cell  wall  area.  Some  hyphae  form 
swellings  at  this  layer,  but  relatively  few  pene- 
trate to  the  cortex  (195).  In  other  plant  roots 
similar  gummy  materials  invaginate  and  contain 
penetrating  hyphae  of  Verticillium  spp.;  these 
materials  are  referred  to  as  lignitubers  (215, 
217,  U99,  537,  5U0).  Griffiths  (215)  studied 
lignituber  formation  in  detail.  Lignitubers  ap- 
parently result  from  the  extrusion  of  vesicles 
from  the  protoplast  into  the  area  between  the 
cell  wall  and  plasmalemma.  When  the  fungus 
begins  to  penetrate  the  cell  wall,  the  vesicles  ag- 
gregate and  lose  their  individual  identity  as  they 
form  the  lignituber.  When  a  hypha  penetrates 
the  wall  it  becomes  surrounded  by  a  lignituber, 
while  the  host  plasmalemma  apparently  remains 
intact.  In  most  cases  the  invading  hyphae  lyse, 
but  in  a  few  cases  successful  penetration  occurs 
and  the  fungus  proceeds  through  the  layer  of 
cortical  cells. 

Fungi  that  successfully  penetrate  the  cortex 
of  cotton  roots  or  stems  encounter  a  second  bar- 
rier at  the  endodermis  (15).  The  endodermal 
cells  are  filled  with  a  gumlike  material  and  ap- 
pear to  have  thick  outer  walls.  Most  of  the  pene- 
trating hyphae  that  overcome  lignitubers  are 
stopped  at  the  endodermis;  the  few  hyphae  that 
penetrate  this  barrier  progress  into  the  vascular 
tissue  and  invade  the  vessels  by  penetrating 
through  the  pits.  Talboys  (537,  5W)  reported 
that  in  hops  the  fungus  also  is  excluded  from  the 
pericycle  by  the  endodermal  cell  walls,  which  be- 
come heavily  suberized  as  the  fungus  invades  the 
cortex. 

Although  nearly  all  attempted  invasions  by 
the  fungus  are  aborted  either  by  lignitubers  or 
by  the  endodermis,  the  frequency  of  such  abor- 
tions is  similar  in  resistant  and  susceptible  cot- 
ton varieties.  A  small  percentage  of  successful 
penetrations  into  the  vascular  tissue  occurs  with 
both  mild  and  virulent  strains  of  Verticillium 
spp. 


Cotton  vessels  invaded  by  Verticillium  spp. 
(195,  2U9,  329)  or  Fusarium  spp.  (105)  become 
occluded  with  gels,  yellow  and  brown  gums,  and 
tyloses.  Dark-colored  gums  are  also  formed  in 
parenchyma  cells  adjacent  to  the  xylem  vessels 
and  in  leaf  parenchyma  cells  invaded  by  the  fun- 
gus. Bugbee  (105)  reported  that  the  rate  of 
vascular  occlusion  in  cotton  infected  by  F.  oxy- 
sporum  f.  vasinfectum  was  related  to  the  high 
level  of  genetic  resistance  to  Fusarium  wilt  in 
one  cotton  variety  but  not  in  another.  The  re- 
lationship between  rates  of  occlusion  and  Verti- 
cillium wilt  resistance  in  cotton  has  not  been 
studied.  The  speed  and  intensity  of  gum  and  ty- 
losis formation  has  been  related  to  Verticillium 
wilt  resistance  in  hops  (538, 5U0) ,  tomato  (512) , 
and  tobacco  (339) . 

The  most  extensive  studies  of  the  role  of  gels 
and  tyloses  in  resistance  to  wilt,  particularly 
Fusarium  wilt,  have  been  done  by  Beckman  et 
al.  (h3,  UUA5,  46,50) .  Beckman  (44)  concludes 
that  most  vascular  infections  in  plants  are  suc- 
cessfully localized  by  a  three-step  resistance 
mechanism:  (1)  initial  screening  out  of  mobile 
cells  or  spores  from  the  transpiration  stream, 
particularly  by  end  plates  of  xylem  vessels;  (2) 
formation  of  gels,  composed  of  pectates,  hemi- 
cellulose,  and  proteins  from  the  swollen  cell  walls 
(46,  50) ,  to  permanently  immobilize  the  spores; 
and  (3)  overgrowth  of  basicentric  parenchyma 
cells  to  form  tyloses  that  eventually  seal  off  the 
infected  portion  of  the  vessel.  Steps  1  and  2  gen- 
erally occur  in  less  than  24  hr.  after  inoculation 
in  both  susceptible  and  resistant  varieties.  The 
completion  of  step  3  requires  several  days  and  is 
often  disrupted  in  susceptible  plants.  In  this  case 
the  gels  are  dissolved  by  the  fungus,  and  sys- 
temic distribution  of  the  fungus  continues  in  the 
plant.  As  a  consequence,  resistance  is  generally 
dependent  on  the  speed  with  which  complete  seal- 
ing-off  of  the  fungus  by  tyloses  occurs. 

While  formation  of  gums  and  tyloses  in  ves- 
sels serves  to  contain  the  fungus,  it  also  causes 
vessel  dysfunction.  This  has  led  several  investi- 
gators (385,  473,  483,  551)  to  suggest  that  these 
same  events  interfere  with  water  conduction  and 
thus  result  in  wilt.  Schnathorst  (483)  found  that 
symptom  severity  in  cotton  was  directly  related 
to  the  degree  of  vascular  dysfunction.  Further 
studies  are  needed  to  determine  the  nature  and 
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role  oi  gums  and  tyloses  in  Verticillium  wilt  of 
cotton. 

Defoliation  as  a  response  to  Verticillium  wilt 
may  also  represent  a  type  of  resistance  in  woody 
perennial  plants  such  as  cotton.  The  vascular  tis- 
sue of  the  petiole  is  formed  from  the  primary 
meristem;  thus,  new  xylem  cannot  be  formed  in 
the  petiole  by  a  cambium,  as  it  is  in  the  stem.  By 
dropping  its  leaves  the  plant  may  be  able  to  con- 
tain infections  in  the  stem  tissue  and  then  give 
rise  to  new  growth  from  axillary  buds  with  the 
formation  of  new  vascular  tissues  from  the  cam- 
bium. Talboys  (538, 54-0)  suggested  that  cambial 
activity  and  xylem  hyperplasia  are  sources  of  re- 
sistance to  Verticillium  wilt  in  hops.  The  same 
may  be  true  for  cotton.  This  would  explain  why 
highly  determinate,  early  varieties  are  in  gen- 
eral much  more  susceptible  than  late  indeter- 
minate varieties.  The  cambium  of  determinate 
varieties  becomes  dormant  following  fruit  set, 
while  that  of  indeterminate  varieties  continues 
to  be  active  throughout  the  life  of  the  plant.  Thus, 
the  indeterminate  varieties  probably  have  both 
a  larger  percentage  of  juvenile  xylem  vessels 
with  intact  end  walls  and  a  greater  ability  to  ac- 
tivate new  growth  once  infection  has  occurred. 

Biochemical  Responses 

Numerous  metabolic  changes  in  Verticillium- 
infected  cotton  plants  have  been  reported.  Cer- 
tain of  these  changes  probably  represent  bio- 
chemical symptoms  of  the  disease  and  are  not 
true  resistance  responses.  These  include  a  de- 
crease in  (1)  RNA  content  (11,12);  (2)  biotin 
and  pantogenic  acid  content  in  resistant  plants 
(53 h);  (3)  chlorophyll  and  carotenoid  pigment 
content  (Wk) ;  (4)  rate  of  photosynthesis  and 
starch  content  of  leaves  (3k5) ;  and  (5)  contents 
of  reducing  sugars  (2  k),  pectins  (221),  raffi- 
nose  (393),  ascorbic  acid  (78),  maltose  (393), 
starch  (2k,  221),  and  a  number  of  free  amino 
acids  (393)  in  the  stem.  Increases  have  been  re- 
ported to  occur  in  (1)  ash  and  molybdenum  con- 
tent (k);  (2)  biotin  and  pantogenic  acid  content 
in  susceptible  varieties  (53k) ;  (3)  pectate 
(306),  glucose  (393),  glutamine  (393),  alanine 
(393),  and  proline  (393)  content  in  leaves  and 
stem;  (4)  total  free  amino  acid,  raffinose,  and 
glucose  content  in  the  root  (393) ;  and  (5)  res- 
piration rate  of  stem  tissues.  Peroxidase  and 
catalase  activity  are  reported  to  be  unchanged  by 
Verticillium  wilt  (393) . 


The  following  biochemical  changes  appear  to 
be  related  to  resistance: 

Polyphenols — The  polyphenol  content  in- 
creases rapidly  in  stems  and  roots  of  Verticil- 
Zmra-infected  cotton  (2k,  26,  28,  5k,  58,  220, 221, 
305,  k58,  k59) .  The  major  phenolics  are  believed 
to  be  tannins  (2k,  28,  5k,  58,  220,  305,  k58,  k59) . 
However,  lignins  and  quinones  also  increase  dur- 
ing infection  (220).  The  gossypol-related  terpe- 
noids are  indistinguishable  from  tannins  by  all 
techniques  used  to  measure  tannins  except  those 
of  Bell  and  Howell  (5k,  58)  and  probably  con- 
tribute a  source  of  error  to  most  tannin  measure- 
ments. The  tannins  are  composed  of  both  ethanol- 
soluble  and  ethanol-insoluble  compounds.  The 
ethanol-soluble  compounds  include  catechin,  gal- 
locatechin,  gallate  esters  of  catechin  and  gallo- 
catechin,  and  short-chain  condensation  products 
of  (  +  ) -catechin.  The  ethanol-insoluble  com- 
pounds include  condensed  tannins  (or  leucoan- 
thocyanins),  which  are  polymers  of  (  +  ) -cate- 
chin (5k,  58). 

Gubanov  (220)  reported  that  V.  dahliae  acti- 
vates /3-glucosidase  after  penetrating  into  the 
xylem  vessels  of  cotton.  He  suggested  that  poly- 
phenol accumulation  is  due  to  oxidation  of  the 
aglycones  released  by  this  enzyme.  Rubin  and 
Perevyazkina  (k58)  suggested  that  tannins  are 
synthesized  in  the  leaves  and  are  then  trans- 
ported to  accumulate  within  infected  roots  and 
stems.  They  reported  that  accumulation  of  tan- 
nin in  roots  and  stems  of  resistant  varieties  is 
accompanied  by  a  marked  drop  in  tannin  content 
of  leaves.  In  susceptible,  compared  to  resistant, 
varieties  tannin  accumulation  in  stems  or  roots 
was  less,  and  tannin  depletion  from  leaves  was 
less. 

We  (5k,  58,  unpublished)  have  found  tannin 
synthesis  to  occur  in  situ  because  of  genetic  acti- 
vation and  biosynthesis  after  invasion  by  the 
fungus.  Only  a  few  cells  make  and  deposit  tan- 
nins in  healthy  tissues,  but  all  cells  appear  to 
synthesize  tannins  under  the  stress  of  infection. 
Both  the  rate  (5k,  58)  and  magnitude  (2k,k59) 
of  tannin  accumulation  in  the  stem  and  root  have 
been  related  to  varietal  resistance. 

While  tannin  accumulation  is  generally 
thought  to  be  a  defense  reaction,  some  investi- 
gators (220,  305)  have  suggested  that  tannins 
are  toxic  to  the  cotton  plant  and  are  responsible 
for  part  of  the  wilt  syndrome.  We  (5k,  58)  found 
a  strong  correlation  between  symptom  expres- 
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sion  and  the  condensed  tannin  content  of  stem 
stele  tissue.  However,  this  tannin  does  not  ap- 
pear to  be  transported  in  the  xylem  stream  (un- 
published data) ,  and  its  role  in  symptomatology 
remains  uncertain. 

Tannins  probably  have  several  functions  in 
disease  resistance.  Tannins  and  certain  poly- 
phenols are  toxic  to  V erticillium  spp.  (236,  324, 
327,  401,  521,  unpublished) .  In  other  cases,  only 
the  quinone  derived  from  the  phenol  is  toxic 
(321+) .  Catechins  are  converted  to  fungitoxic 
orf/io-quinones  by  the  action  of  laccase,  pheno- 
lase,  catecholase,  or  tyrosinase.  Howell  and  Bell 
(263)  found  a  negative  relationship  between  the 
virulence  of  isolates  of  V 'erticillium  spp.  to  cot- 
ton and  the  formation  of  quinones  from  (+)- 
catechin  in  cultures  of  these  strains.  We  have 
found  the  tannins  to  be  more  detrimental  to  con- 
idial  production  than  to  mycelial  growth.  Tan- 
nins and  quinones  also  inhibit  the  V erticillium 
enzymes,  amylase  (24)  and  pectinase  (401,  410, 
412,  537). 

Terpenoids. — Infection  of  cotton  tissues  by 
Verticillium  spp.  activates  the  biosynthesis  of 
gossypol-related  terpenoids  in  cotton  tissues 
(53,  5k,  55,  56,  57,  58,  59,  60) .  These  compounds 
function  as  a  phytoalexin  system  in  cotton  (55) . 
The  concentrations  of  these  compounds  usually 
reach  fungistatic  levels  in  24  to  96  hr.  after  tis- 
sues are  inoculated.  Toxic  levels  are  formed 
sooner  in  tissues  that  are  normally  not  invaded 
by  the  fungus,  specifically,  the  secondary  cam- 
bial  tissues  and  boll  endocarp.  The  greater  re- 
sistance of  G.  barbadense  varieties  than  of  G. 
hirsutum  varieties  to  Verticillium  wilt  is  directly 
related  to  the  rate  of  phytoalexin  synthesis  in 
the  xylem  tissues  (55) .  Likewise,  the  increase  in 
wilt  resistance  with  increased  temperatures  is 
also  related  to  an  increased  rate  of  phytoalexin 
synthesis  relative  to  the  rate  of  conidia  forma- 
tion by  the  fungus  (60).  I  (55)  have  proposed 
that  the  rate  of  phytoalexin  synthesis  relative 
to  the  rate  of  secondary  colonization  by  the  fun- 
gus is  the  major  determinant  in  the  host-parasite 
relationship  of  cotton  and  Verticillium  spp. 

The  major  phytoalexin  of  the  cotton  plant  ap- 
pears to  be  hemigossypol  (8-carboxaldehyde- 
1 ,6,7-trihydroxy-5-isopropyl-3-methyl  naphtha- 
lene) .  This  compound  has  a  molecular  weight  of 
260,  and  its  mass  spectrum  has  many  features 
similar  to  that  of  gossypol  (unpublished) .  Hemi- 
gossypol undergoes  oxidation  in  the  presence  of 


Fe+++  ions  or  cotton  peroxidase  to  give  small 
yields  of  gossypol.  Hemigossypol  forms  deriva- 
tives with  antimony  trichloride,  phloroglucinol, 
2,4-dinitro  phenylhydrazine,  or  aniline,  which 
are  similar  to  derivatives  of  gossypol.  The  ultra- 
violet and  infrared  spectra  of  the  major  phyto- 
alexin are  also  consistent  with  the  spectra  ex- 
pected for  hemigossypol.  However,  the  expected 
aldehyde  peak  in  the  infrared  spectrum  is  weak 
and  may  suggest  that  the  hemiacetal  tautomer  is 
the  natural  form  of  the  toxin. 

The  second  major  phytoalexin  found  in  the 
xylem  vessel  apparently  is  related  to  hemigossy- 
pol and  has  one  or  two  fewer  free  hydroxyl 
groups.  We  have  not  completed  the  identification 
of  this  compound.  Gossypol  occurs  only  in  trace 
amounts  in  the  xylem  tissue  but  is  the  second 
major  phytoalexin  formed  by  cambial  tissue,  the 
boll  endocarp,  and  the  root  cortex  in  response  to 
infection  by  Verticillium  spp.  We  have  found 
qualitative  variations  in  phytoalexins  in  certain 
G.  barbadense  varieties  and  in  G.  gossypiodes. 
These  compounds  have  not  been  identified  but 
appear  related  to  hemigossypol  and  gossypol  in 
structure. 

Growth  regulators — Cotton  affected  by  Verti- 
cillium wilt  exhibits  an  increased  indole  acetic 
acid  (IAA)  content,  a  decreased  rate  of  IAA  de- 
carboxylation, and  an  increased  caffeic  acid  con- 
tent in  leaves  and  stems  (584,  585) .  The  abscisic 
acid  (ABA)  content  of  leaves  was  also  doubled 
with  infection  by  a  defoliating  strain  of  V.  albo- 
atrum,  but  not  by  a  mild  strain.  Ethylene  evo- 
lution was  increased  2-  and  5-fold  in  plants  in- 
fected with  mild  and  defoliating  strains,  respec- 
tively (5 8 A,  585) .  Ethylene  supplied  exogenously 
at  0.2  p. p.m.  caused  both  epinasty  and  defoliation 
of  cotton  leaves.  ABA  and  gibberellic  acid  also 
have  been  shown  to  be  abscission  accelerants  in 
cotton  explants  (85,  86,  87). 

Tracheal  sap  from  V erticillium-mf ected  cot- 
ton plants  contained  a  single  compound  with  cy- 
tokinin  activity,  while  those  from  healthy  plants 
contained  two  compounds  (375).  Injection  of 
kinetin  or  benzyladenine  increased  the  severity 
of  wilt  symptoms. 

The  observed  hormonal  changes  in  infected 
cotton  suggest  that  the  more  severe  disease, 
caused  by  defoliating  strains,  may  be  due  to  the 
greater  imbalance  of  hormones,  particularly 
ethylene  and  ABA.  The  role  of  hormonal  imbal- 
ances caused  by  the  defoliating  strains  in  differ- 
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ential  varietal  resistance  to  wilt  has  not  been 
carefully  studied.  However,  growth  regulators 
(69,  141,  159,  437,  511)  and  phenolic  inhibitors 
of  IAA  decarboxylase  (454)  increase  the  resis- 
tance of  cotton  and  other  plants  to  Verticillium 
wilt.  IAA  and  other  growth  substances  at  specif- 
ic concentrations  induce  tyloses,  cambial  hyper- 
plasia, and  formation  of  adventitious  roots  (141, 
414,511) .  IAA  has  been  shown  to  retard  abscis- 
sion and  induce  tyloses  in  xylem  vessels  of  cot- 
ton (85,  86,  87) .  Thus,  IAA  might  influence  the 
resistance  of  cotton  varieties  to  Verticillium 
wilt. 

The  recent  observation  (131)  that  condensed 
tannins  act  as  antagonists  of  gibberellin,  along 
with  the  observed  acceleration  of  abscission  by 
gibberellin,  indicates  that  gibberellin  concentra- 
tions may  also  be  involved  in  symptom  expres- 
sion and  resistance  to  Verticillium  wilt. 

Other  toxins — Schnathorst  et  al.  (485,  487, 
494)  have  suggested  that  cross-protection  (or 
induced  immunity)  in  cotton  is  caused  by  a  spe- 
cific systemic  toxin  that  is  produced  only  in  re- 
sponse to  mild  or  avirulent  strains  of  V.  albo- 
atrum.  Tracheal  fluids  from  healthy  susceptible 
or  resistant  varieties  readily  supported  conidial 
germination  and  growth  of  V.  albo-atrum  (491 ) . 
However,  tracheal  fluids  from  a  tolerant  cotton 
infected  with  a  mild  fungal  strain  allowed  only 
small  percentages  of  conidial  germination  and 
appeared  to  be  inhibitory  (487,  494).  Tracheal 
fluids  from  a  tolerant  cotton  infected  with  a  se- 
vere defoliating  strain  or  from  a  susceptible  cot- 
ton infected  with  either  strain  stimulated  germi- 
nation. When  cottons  were  root-inoculated  with 
the  mild  strain  and  then  (after  symptoms  ap- 
peared) inoculated  by  stem  puncture  with  a  se- 
vere strain,  the  plants  appeared  to  be  protected 
against  the  severe  strain  (485).  These  results 
have  been  interpreted  as  indicating  the  forma- 
tion of  a  water-soluble,  systemic  inhibitor  by  cot- 
ton infected  with  mild  strains  of  the  fungus. 
However,  the  inhibitor  has  not  been  isolated  or 
characterized. 

Howell  and  I  have  reinvestigated  the  observa- 
tions of  Schnathorst  et  al.  (485,  487,  491,  494) 
with  the  same  fungal  strains  and  cotton  varieties 
and  additional  tolerant  and  susceptible  cotton 
varieties  (unpublished).  Tracheal  fluids  were 
collected  from  plants  infected  for  4,  8, 12,  and  18 
days  and  from  control  plants.  The  fluids  were 
tested  for  their  ability  to  support  conidial  germi- 


nation and  fungal  growth  (measured  as  new 
conidia  produced  in  the  tracheal  fluids).  Our 
results,  particularly  at  12  and  18  days  after  in- 
oculation, were  similar  to  those  of  Schnathorst  et 
al.  We  found  only  slight  and  similar  increases  in 
the  gossypol-related  terpenoid  and  tannin  con- 
tents of  tracheal  fluids  from  all  host-parasite 
combinations.  The  "inhibition"  in  tracheal  fluids 
from  tolerant-host,  mild-pathogen  combinations 
was  completely  overcome  by  the  addition  of  20X 
concentrated  Czapek's  salts  plus  10%  sucrose  at 
the  rate  of  1  ml.  to  19  ml.  tracheal  fluid.  When 
the  "inhibitory"  tracheal  fluids  were  freeze- 
dried  and  added  to  tracheal  fluids  from  healthy 
plants,  no  reduction  in  conidial  germination  or 
production  resulted.  Attempts  to  isolate  an  in- 
hibitor with  ethyl  ether,  ethyl  acetate,  or  butanol 
were  unsuccessful.  Our  interpretation  of  the 
results  obtained  from  studies  of  tracheal  fluids 
is  that  an  increase  in  the  nutrient  content  of 
tracheal  fluids  occurs  in  susceptible  host-patho- 
gen combinations  and  that  a  decrease  in  the  nu- 
trient content  occurs  in  tracheal  fluids  from  re- 
sistant host-pathogen  combinations.  Prelimi- 
nary chromatographic  comparisons  of  the  amino 
acids  and  sugars  in  the  tracheal  fluids  appear  to 
confirm  this  theory  (unpublished) .  Careful  work 
is  needed  before  the  role  of  tracheal  fluids  in 
Verticillium  resistance  can  be  properly  deter- 
mined. Attention  should  be  given  to  nutrients 
and  stimulatory  compounds  as  well  as  to  inhibi- 
tors and  hormones. 

Carns  et  al.  (113)  have  reported  that  gutta- 
tion  fluids  of  tolerant  varieties  were  more  toxic 
to  V.  albo-atrum  than  those  from  susceptible  va- 
rieties. The  behavior  of  conidia  in  these  fluids 
corresponded  to  their  behavior  in  the  presence 
of  toxic  concentrations  of  NH4+  ions  in  vitro.  The 
presence  of  free  or  lightly  bound  ammonia  (de- 
termined by  Nessler's  reagent)  was  detected  in 
guttation  fluids  of  tolerant  varieties.  No  further 
attempt  has  been  made  to  evaluate  the  possible 
role  of  ammonia  in  the  resistance  of  cotton  to 
wilt. 

Fluorescence  accumulation — Numerous  work- 
ers (111,  186,  225,  226,  228,  315,  362,  530)  have 
noted  a  quantitative  increase  in  fluorescent  com- 
pounds in  V erticillnim-mf ected  cotton  stalks 
The  quantity  of  these  compounds  is  negatively 
related  to  varietal  resistance  in  plants  infected 
for  2  or  more  days.  Caldwell  et  al.  (Ill)  identi- 
fied one  of  the  compounds  as  scopoletin  and  sug- 
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gested  that  it  be  used  as  a  "fingerprint"  to  cate- 
gorize cotton  populations  into  specific  genotypes 
for  Verticillium  resistance.  Stith  (530)  demon- 
strated a  consistent  negative  relationship  be- 
tween wilt  resistance  and  scopoletin  content  of 
varieties  grown  on  naturally  infested  soils,  when 
scopoletin  content  was  determined  after  the 
growth  of  three  to  four  and  six  to  eight  true 
leaves.  Taylor  (549)  also  suggested  that  scopole- 
tin might  be  used  as  an  indication  of  wilt  resist- 
ance in  tobacco.  Djavadi  (156)  found  scopoletin 
in  exudates  from  healthy  cotton  radicles,  but  re- 
ported a  positive  relationship  between  resistance 
and  the  amount  of  scopoletin  in  the  exudate.  We 
have  found  that  the  increase  of  scopoletin  in 
Verticillium-mf  ected  cotton  occurs  primarily  in 
the  stem  bark  and  the  foliage  (unpublished) . 

A  green  or  yellow-green  fluorescent  material 
is  found  in  the  wood  and  bark  of  infected  cotton 
plants  (186,  225,  226,  228,  315,  362)  and  in  the 
healthy  stele  tissue  of  certain  varieties  tolerant 

HOST  RESPONSE  TO 

Culture  filtrates  of  Verticillium  spp.  are  re- 
ported to  cause  more  severe  symptoms  in  cut- 
tings from  susceptible  varieties  than  in  those 
from  resistant  varieties  of  cotton  (61,294,  303) , 
lucerne  (119,  364),  and  tobacco  (352).  In  hops 
(536)  and  tomatoes  (73)  culture  filtrates  were 
equally  toxic  to  cuttings  from  susceptible  and  re- 
sistant varieties.  Polygalacturonase  (PG)  is 
found  in  nearly  all  filtrates  from  cultures  of 
Verticillium  spp.  and  might  be  involved  in  tox- 
icity. The  production  of  PG  in  living  susceptible, 
but  not  in  resistant,  stem  tissues  of  cotton  (384) 
and  tomato  (145)  has  also  been  reported.  High- 
ley  (250)  reported  equal  production  of  endoPG 
in  susceptible  and  resistant  mint  stem  sections, 
but  felt  that  inactivation  of  endoPG  occurred 
during  the  resistance  expression  of  the  host. 

The  nature  of  the  selective  toxicity  of  culture 
filtrates  to  plant  varieties  has  been  debated. 
Mussell  (383,384)  found  that  a  purified  endoPG 
from  a  defoliating  cotton  isolate  of  V.  albo-atrum 
generated  leaf  chlorosis,  necrosis,  and  desicca- 
tion symptoms  similar  to  those  in  V  erticillium- 
inf ected  cotton  plants.  Divalent  cations  (Ca++, 
Mg++)  were  required  for  the  enzyme  to  be  toxic 
to  cotton,  but  not  for  reducing  the  viscosity  of 
sodium  polypectate.  Mussell  (383)  proposed  that 
endoPG  releases  wall-bound  enzymes  such  as 
hexose  and  amino  acid  oxidases.  These  enzymes 


to  Verticillium  wilt  (187).  This  material  is  not 
scopoletin  (unpublished).  The  amount  of  this 
fluorescent  material  in  stele  tissues  is  negative- 
ly related  to  resistance  at  2  or  more  days  after 
stem  inoculation  with  V.  dahliae.  Guseva  and 
Lanetsky  (225,  315)  proposed  the  development 
of  a  "field  wiltoscope"  (portable  microfluoro- 
meter)  to  measure  the  content  of  this  material  in 
stems  at  2  days  after  infection  and  thereby  meas- 
ure the  genetic  potentials  of  individual  plants  for 
wilt  resistance. 

We  have  isolated  a  single  compound  that  is 
responsible  for  most  of  the  green  fluorescence 
(187,  unpublished) .  The  compound  is  a  phenolic 
glucoside  in  which  the  phenol  moiety  is  similar 
to,  but  slightly  different  from,  certain  cinnamic 
acids  and  alcohols.  Research  is  in  progress  to 
complete  the  identification  of  this  compound.  Its 
exact  relationship  to  resistance  or  susceptibility 
has  not  been  determined. 

FUNGAL  PRODUCTS 

generate  hydrogen  peroxide,  which  apparently 
is  the  direct  cause  of  leaf  damage. 

Other  workers  (61,  290,  291,  293)  obtained 
vascular  browning,  but  no  typical  wilt  symp- 
toms, in  cotton  when  cuttings  were  placed  in 
endoPG  preparations  from  Verticillium  spp. 
However,  none  of  these  workers  indicated  that 
divalent  cations  were  included  with  the  enzyme 
during  the  bioassay. 

We  (61)  found  that  the  ability  of  filtrates 
from  Verticillium  spp.  to  cause  loss  of  turgor 
(wilting)  was  closely  correlated  with  cellulase 
activity  of  the  filtrates.  A  purified  cellulase  from 
the  fungus  grown  on  mineral  salts  and  raw  cot- 
ton caused  wilting  of  cotton,  sunflower,  and  mint 
cuttings.  Resistant  cotton  varieties  showed  con- 
siderably less  wilting  than  susceptible  varieties 
when  they  were  placed  in  the  purified  cellulase 
or  in  culture  filtrates  with  high  levels  of  induced 
cellulase  activity. 

Keen  et  al.  (293,  294)  proposed  that  the  se- 
lective toxicity  of  culture  filtrates  to  cotton  cut- 
tings is  due  to  the  production  of  a  lipopolysac- 
charide  (LPS)  by  the  fungus,  not  to  endoPG.  A 
purified  LPS  from  log-phase  cultures  contained 
equal  amounts  of  lipid,  protein,  and  polysacchar- 
ide and  produced  severe  wilt  in  a  susceptible 
variety,  intermediate  symptoms  in  a  moderate- 
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ly  susceptible  variety,  and  mild  symptoms  in  a 
resistant  variety  of  cotton. 

Krasilnikov  et  al.  (303)  extracted  heat-stable, 
acid-stable  toxins  from  culture  fluids  with  amyl- 
acetate.  Susceptible  cotton  cuttings  wilted  more 
rapidly  than  resistant  cuttings  when  they  were 
placed  in  solution  containing  these  toxins. 


The  nature  of  host-specific  toxins  produced  by 
Verticillium  spp.  remains  uncertain.  Additional 
work  is  needed  before  the  nature  and  importance 
of  toxins  produced  by  Verticillium  spp.  are  un- 
derstood. Only  when  these  compounds  are  clearly 
established  as  toxins  can  their  role  in  resistance 
be  determined. 


CONCLUSIONS 


I  visualize  that  the  resistance  of  cotton  to 
Verticillium  wilt  depends  on  a  number  of  host 
responses.  Most  infection  attempts  apparently 
are  aborted  in  the  root  cortex  or  at  the  endo- 
dermis.  This  is  due  to  the  secretion  of  gummy 
substances  and  lignitubers  from  the  cytoplasm 
into  the  region  between  the  cytoplasm  and  cell 
walls.  The  chemical  compounds  in  these  gums 
include  lignin,  tannins,  and  gossypol-related 
terpenoids,  and  they  are  both  physical  and  toxic 
barriers  to  the  fungus.  This  mechanism  func- 
tions in  both  susceptible  and  tolerant  cotton 
plants.  Those  fungi  that  invade  the  xylem  ves- 
sels are  contained  by  a  sequence  of  events:  (1) 
physical  containment  by  gels  produced  in  the 
vessel;  (2)  synthesis  and  extrusion  of  hemi- 
gossypol  and  related  toxins  into  the  xylem  vessel 
to  develop  fungistatic  or  fungicidal  conditions; 
(3)  activation  of  lignin,  tannin,  and  terpenoid 
synthesis  in  cells  surrounding  the  invaded  vessel 
to  restrict  infection  to  the  vessel;  (4)  develop- 
ment of  tyloses  to  permanently  occlude  the  ves- 
sel; and  (5)  stimulation  of  cambial  activity  to 
form  new  xylem  vessels.  Except  for  steps  2  and 
3,  which  occur  simultaneously,  the  steps  occur 
sequentially  in  the  order  listed.  Hormonal 
changes  probably  play  a  key  role  in  bringing 
about  these  events.  The  final  manifestation  of 
resistance  occurs  in  the  very  young  stems, 
petioles,  and  leaves  and  is  due  to  the  presence  of 
toxic  compounds — probably  catechin  and  re- 
lated chemicals — in  the  healthy,  as  well  as  in  the 
infected,  tissues.  Both  the  rate  and  magnitude 
of  host  responses  are  important  in  determining 
the  host-parasite  relationship. 

The  genetic  resistance  of  G.  barbadense  ap- 
pears to  be  due  to  a  type  of  hypersensitivity  that 
allows  the  host  to  respond  more  rapidly  to  the 
presence  of  the  fungus.  This  is  demonstrated  by 
the  fact  that  toxic  levels  of  hemigossypol  and  re- 
lated compounds  develop  about  12  to  24  hr. 


sooner  in  resistant  G.  barbadense  varieties  than 
in  G.  hirsutum  varieties.  Also,  disease  resistance 
responses  are  initiated  in  G.  barbadense,  but  not 
in  G.  hirsutum,  by  inoculation  with  conidia  killed 
by  mild  heat  treatments. 

The  second  character  responsible  for  the  high 
level  of  resistance  in  G.  barbadense  is  the  pres- 
ence of  toxic  compounds  in  young  stems  and 
leaves  of  healthy  plants,  particularly  the  first 
four  to  six  leaves  back  from  shoot  and  branch 
terminals.  These  toxins  can  be  demonstrated  by 
the  differential  ability  of  hot-water  extracts  to 
support  fungal  growth  and  conidial  production. 
The  ability  of  hot-water  extracts  to  support 
growth  is  closely  and  negatively  related  to  the 
content  of  catechins  in  the  extract.  Tolerance  in 
some  G.  hirsutum  varieties  also  correlates  with 
the  content  of  catechins  in  the  younger  leaves. 

The  more  important  difference  between  toler- 
ant and  susceptible  G.  hirsutum  varieties  ap- 
pears to  be  in  the  nutritional  environment  that 
they  provide  in  the  xylem  vessel.  Infection  of  sus- 
ceptible varieties  with  mild  or  severe  strains  re- 
sults in  an  increased  ability  of  tracheal  fluids  to 
support  germination  and  growth  of  conidia  of 
Verticillium  spp.,  while  infection  of  tolerant 
lines  with  mild  strains  results  in  a  decrease  in 
the  ability  of  tracheal  fluids  to  support  germina- 
tion of  conidia  and  growth. 

The  primary  difference  between  susceptible 
and  tolerant  G.  hirsutum  varieties  may  be  in  the 
differential  sensitivity  of  the  xylem  parenchyma 
cell  membranes  to  the  fungal  toxins  and  the  re- 
sulting differential  leakage  of  nutrients  into  the 
xylem  vessels.  As  a  consequence,  the  fungus 
colonizes  the  tolerant  varieties  more  slowly  than 
the  susceptible  varieties.  This  difference  in 
colonization  rates  might  allow  resistance  re- 
sponses in  tolerant  varieties  to  be  more  effective 
than  those  in  susceptible  varieties  in  containing 
secondary  colonization. 
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METHODS  OF  INOCULATION 
AND  TECHNIQUES  FOR  EVALUATION 

By  A.  B.  Wiles2 

INTRODUCTION 


Numerous  concepts  and  definitions  have  been 
advanced  by  plant  scientists  for  the  term  "inocu- 
lation." Baker  (30) 3  enumerated  some  of  these, 
and  they  range  from  a  simple  concept  of  expo- 
sure, whereby  a  plant  somehow  comes  in  contact 
with  a  pathogen  during  the  growth  process,  to 
far  more  elaborate  definitions.  Whetzel  et  al. 
(582)  termed  inoculation  as  the  transference  of 
inoculum  from  the  place  of  its  production  or  ori- 
gin to  the  infection  court,  while  Ainsworth  and 
Bisby  (8,  p.  159)  defined  inoculation  as  "to  put 
a  micro-organism  or  virus,  or  a  substance  con- 
taining one,  into  an  organism  or  substratum." 
Obviously,  the  last  two  definitions  are  somewhat 
at  variance,  for  substrates  could  be  inoculated  by 
one  definition,  but  not  by  the  other.  For  this 
review  inoculation  is  defined  as  the  process  of 
introducing  the  inoculum  (the  pathogen)  with- 
in or  onto  the  surface  of  host  plants. 

Inoculation  of  host  plants  is  needed  to  obtain 
proof  of  pathogenicity;  this  is  required  by  Koch's 
postulates.  In  studies  dealing  with  Verticillium 
wilt  of  cotton  incited  by  Verticillium  albo-atrum 
Reinke  &  Berth.,  inoculation  techniques  are  also 
needed  for  such  purposes  as  studying  the  life 
cycle  of  the  pathogen;  determination  of  host 
range  and  possible  physiologic  specialization; 
selection  of  resistant  or  tolerant  plants  in  breed- 
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ing  programs;  and  research  on  development  of 
additional  control  measures.  General  descrip- 
tions of  inoculation  techniques  for  fungi  have 
been  presented  by  Riker  and  Riker  (-446),  Alt- 
man  (17),  Waterston  (581),  and  Tuite  (559). 

The  method  of  plant  inoculation  that  the  re- 
searcher uses  will  depend  on  many  factors.  The 
objective  of  the  research  will  necessarily  be  of 
prime  importance.  The  nature  of  the  pathogen, 
its  mode  of  host  entry,  the  position  of  the  plant 
involved,  the  nature  and  site  of  host  resistance, 
and  the  effects  of  environmental  conditions  on 
disease  development  are  factors  that  must  be 
considered.  The  equipment,  facilities,  and  labor 
force  that  are  available  to  the  researcher  are 
other  items  for  consideration.  In  screening  for 
resistance  to  wilt  diseases  of  plants,  seedling  in- 
oculation techniques  have  often  been  used  since 
large  plant  populations  can  be  handled  within 
a  minimum  amount  of  space  and  time.  The  ques- 
tion of  whether  the  disease  reactions  of  seedlings 
and  mature  plants  are  sufficiently  comparable  to 
obtain  the  desired  information  must  be  settled  at 
the  outset  by  the  researcher.  A  facile  inoculation 
technique  that  gives  reproducible  results  with 
critical  differentiation  of  resistance  and  suscep- 
tibility has  long  been  a  goal  in  breeding  cotton 
for  resistance  to  Verticillium  wilt. 

When  plants  are  screened  for  resistance,  in- 
oculation techniques  and  preinoculation  and 
postinoculation  environments  should  simulate 
natural  conditions  as  nearly  as  possible.  Suscep- 
tible, tolerant,  resistant,  and  even  immune  host 
responses  are  subject  to  the  effects  of  the  en- 
vironment on  the  pathogen,  the  host,  and  their 
interaction  in  disease  development.  Failure  to 
obtain  visible  symptoms,  therefore,  cannot  be 
regarded  as  proof  of  nonpathogenicity  or  resist- 
ance, since  some  factors  that  influence  infection 
may  have  been  overlooked.  When  other  aspects 
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of  Verticillium  wilt  of  cotton  are  studied,  uni- 
form disease  expression  in  inoculated  plants  is 
certainly  as  desirable  as  in  disease-resistance 
studies.  First,  I  shall  examine  some  methods  that 
have  been  used  in  the  past  to  inoculate  cotton 


plants  with  V.  albo-atrum;  second,  I  shall  discuss 
some  contributing  factors  that  may  influence  the 
results  of  inoculation  studies;  third,  I  shall  evalu- 
ate the  inoculation  methods  that  have  been  used 
for  Verticillium  wilt  of  cotton. 


METHODS  OF  INOCULATING  COTTON  PLANTS 
WITH  VERTICILLIUM  ALBO-ATRUM 


Field  Methods 

Field  methods  of  inoculation  generally  consist 
of  growing  cotton  in  field  nurseries  that  are 
considered  ideal  for  wilt  development.  The  nurs- 
eries are  located  each  year  in  cotton  fields  where 
Verticillium  wilt  has  regularly  occurred,  where 
susceptible  varieties  or  strains  are  rotated  with 
the  nursery  strains,  or  in  fields  where  fungus 
inoculum  is  added  to  the  soil.  These  were  the 
earliest  methods  of  studying  this  disease,  and 
they  are  still  widely  used  in  the  United  States 
and  the  U.S.S.R.  In  the  U.S.S.R.,  field  methods 
are  extensively  used  in  testing  cottons  for  resist- 
ance to  Verticillium  wilt.  One  method  consists  of 
introducing  pulverized  infected  plants  or  pure 
fungal  cultures  into  the  plow  layer  before  plant- 
ing. A  second  method,  in  which  mature  plants 
are  used,  consists  of  growing  cotton  plants  in 
an  experimental  plot  and  then  inoculating  them 
by  cutting  the  lateral  roots  and  introducing  10 
g.  of  oat  grain  inoculum  beside  each  plant.  This 
operation  is  repeated  five  times  during  the  sea- 
son and  is  considered  an  extremely  effective 
means  of  field  inoculation  (10).  In  the  United 
States  the  use  of  field  nurseries  for  screening 
and  selection  has  largely  been  responsible  for 
the  development  of  our  present  commercial  va- 
rieties that  are  tolerant  to  Verticillium  wilt.  Use 
of  infested  fields  plays  an  important  role  in  ef- 
fective disease-resistance  research. 

Solution-Culture  Method 

Presley  (427)  used  the  solution-culture  meth- 
od of  inoculating  cotton  seedlings  with  the  Verti- 
cillium wilt  fungus,  and  it  is  approximately  the 
same  method  described  for  Fusarium  wilts  by 
Armstrong  (20).  For  these  tests  shallow  tanks 
containing  a  nutrient  solution  were  used.  The 
cottonseed  was  planted  in  a  thin  layer  of  ex- 
celsior held  in  wire  trays  above  the  nutrient 
solution.  The  excelsior  was  placed  so  that  it 
touched  the  nutrient  solution  and  remained 
moist.  The  seed  germinated  normally,  and  the 
radicles  penetrated  the  excelsior  and  the  screen 


support  and  entered  the  nutrient  solution.  At  the 
first  true-leaf  stage,  30  ml.  of  an  undiluted  spore- 
mycelium  suspension  of  the  Verticillium  wilt 
organism  was  placed  in  each  tank.  The  first  wilt 
symptoms  appeared  14  days  after  inoculation, 
and  final  disease  readings  were  made  24  days 
after  inoculation. 

Root-Dip  Method 

The  root-dip  method  of  inoculation  was  found 
satisfactory  for  testing  tomato  seedlings  for  re- 
sistance to  Verticillium  wilt  (570)  and  was  later 
used  to  evaluate  the  reaction  of  certain  cottons 
to  Verticillium  wilt  fungus  (157).  I  reported  a 
modified  greenhouse  method  of  the  seedling  in- 
oculation technique  for  Verticillium  wilt  of  cot- 
ton (587) .  The  inoculum  was  prepared  by  grow- 
ing the  fungus  in  a  liquid  nutrient  for  a  fixed 
time.  When  the  seedlings  were  in  the  four-leaf 
stage  (about  20  days  after  planting) ,  they  were 
inoculated  by  lifting  them  from  the  soil  with  a 
spatula,  washing  them  in  tapwater,  and  dipping 
the  roots  in  the  inoculum.  The  plants  were  then 
reset  in  the  same  soil.  Wilting  of  the  young 
plants  usually  occurred  within  7  to  8  days  after 
inoculation.  The  root-dip  method  has  also  been 
used  by  other  workers  (194). 

Root-Ball  Method 

Several  workers  have  used  the  root-ball  meth- 
od of  inoculation  in  their  studies  (195, 196,  489, 
490) .  The  latter  workers  (489,  490)  used  cotton 
plants  that  had  been  grown  singly  in  6-inch  pots 
for  1.5  months  at  25°  to  29°  C.  Each  plant  was 
gently  removed  from  the  pot,  and  the  rootball 
was  uniformly  treated  with  an  aerosol  spray  con- 
taining a  conidial  suspension.  The  plants  were 
then  returned  to  the  original  containers,  and 
readings  for  disease  reactions  were  later  made. 
After  inoculation  with  severe  disease  varieties, 
symptoms  appeared  within  2  weeks. 

Stem-Puncture  Method 

Brinkerhoff  (94)  initially  advocated  a  stem- 
injection  method  of  inoculating  cotton  plants 


64 


with  the  Verticillium  wilt  fungus.  In  the  field  he 
used  a  veterinary  syringe  to  inject  approximate- 
ly 0.25  ml.  of  liquid  inoculum  into  the  hypocotyl 
of  young  seedlings  at  a  point  just  below  the  soil 
level.  This  method  proved  to  be  about  as  rapid 
as  soil  inoculation  and  produced  high  percent- 
ages of  infection  in  field-grown  cotton  plants. 
Seedlings  with  two  to  four  leaves  were  judged 
much  easier  to  inject  than  older  plants. 

Other  workers  have  used  stem-puncture  tech- 
niques that  differ  somewhat  from  Brinkerhoff 's 
method.  Erwin  and  coworkers  (171)  used  plants 
14  to  20  days  old.  The  plants  were  inoculated  by 
puncturing  the  center  of  the  cotyledonary  node 
with  a  hypodermic  needle  that  had  been  dipped  in 
a  spore  suspension  of  V.  albo-atrum.  The  depth 
of  puncture  was  controlled  at  2  mm.  by  a  plastic 
guard  on  the  needle.  Bugbee  and  Presley  (106) 
employed  a  modification  of  this  method.  They 
made  stem  injections  of  conidia  in  the  hypocotyl 
above  the  soil  line  with  a  5-ml.  syringe  and  21- 
gage  hypodermic  needle  on  plants  in  the  field 
and  with  a  23-gage  needle  on  4-week-old  plants 

FACTORS  AFFECTING  R] 
Host 

Plants  for  inoculation  studies  may  be  grown 
in  fields,  in  greenhouses,  or  in  growth  chambers, 
where  precise  control  of  some  environmental 
factors  may  be  achieved.  Most  of  the  more  recent 
inoculation  studies  with  Verticillium  wilt  of  cot- 
ton have  been  conducted  in  greenhouses  or 
growth  chambers.  As  previously  noted,  the  en- 
vironment for  experimental  plant  inoculation 
should  closely  simulate  the  conditions  that  favor 
natural  infection.  The  major  factors  that  influ- 
ence host  infection  have  already  been  reviewed 
(207,  614). 

Various  inoculation  procedures  may  exert  an 
additional  influence  on  the  host  plants.  Lifting 
of  cotton  seedlings  from  the  soil  to  dip  the  roots 
in  the  inoculum  causes  some  injuries  to  young 
roots  and  may  facilitate  entry  of  the  fungus. 
The  same  is  true,  perhaps  to  a  lesser  extent,  when 
the  root  ball  is  sprayed.  Syringes  with  graduated 
plungers  for  injecting  exact  amounts  of  inocu- 
lum have  been  devised  (112,  567),  but  hypo- 
dermic injections  generally  tend  to  produce  more 
severe  disease  symptoms  than  natural  infections. 

After  studying  the  nature  of  Verticillium  re- 
sistance in  a  susceptible  and  a  tolerant  cotton 


in  the  greenhouse.  Inoculum  was  delivered  from 
the  syringe  to  form  a  bead  of  suspended  conidia 
at  the  tip  of  the  needle.  The  needle  was  injected 
into  the  lower  stem  at  approximately  45°  to  the 
stem  until  the  bevel  of  the  point  was  just  visible. 
The  drop  of  inoculum  that  formed  in  the  axis  of 
the  stem  and  needle  then  disappeared  into  the 
plant  and  gave  visual  evidence  of  inoculation. 

Other  Methods 

Inoculations  of  the  roots  and  hypocotyls  of 
cotton  plants  have  been  made  by  placing  blocks 
of  potato  dextrose  agar  containing  conidia  of  V. 
albo-atrum  on  selected  sites  (195).  Some  re- 
searchers (489,490)  have  inoculated  sterile  soil 
with  microsclerotia  before  seeding.  Ranney 
(437,  438)  applied  liquid  inoculum  to  soil  after 
root  cutting.  In  this  method  cotton  seedlings 
were  initially  grown  in  flats  of  sterilized  sand 
and  then  transplanted  to  glazed  crocks  contain- 
ing the  same  medium.  Inoculation  was  per- 
formed by  making  a  deep  cut  in  the  sand  with  a 
sterile  spatula  and  then  applying  20  ml.  of  in- 
oculum with  a  hypodermic  syringe. 

ULTS  OF  INOCULATION 

variety,  Garber  and  Houston  (196)  suggested 
that  symptom  expression  by  the  leaves  of  root- 
inoculated  plants  is  largely  controlled  by  some 
distinctive  character  of  the  root  system.  Bell 
(55)  later  reported  that  from  1  to  3  days  follow- 
ing inoculation  of  stem  sections  with  V.  albo- 
atrum  and  from  1  to  4  days  in  intact  cotton 
plants  rates  of  phytoalexin  synthesis  were  re- 
lated directly  to  host  resistance  and  inversely  to 
pathogen  virulence. 

Pathogen 

The  fungus  causing  Verticillium  wilt  of  cotton 
varies  in  virulence.  Thus,  several  isolates  of  the 
fungus  may  give  different  results  in  experi- 
ments. Presley  (427)  associated  the  pathogenic- 
ity of  V.  albo-atrum  to  cotton  with  cultural  type. 
Microsclerotial-type  cultures  were  very  virulent, 
while  cultures  of  fluffy  or  appressed  mycelial 
types  were  weakly  pathogenic  on  a  susceptible 
variety  of  cotton.  Isolates  of  the  fungus  from 
diseased  plants  of  resistant  and  susceptible  va- 
rieties were  reported  by  Voitenok  (571)  to  give 
dissimilar  reactions  on  the  resistant  varieties 
after  artificial  inoculation.  The  differentiation 
of  severe  forms  of  V.  albo-atrum  in  cotton  was 
later  demonstrated,  as  was  cross-protection  in 


65 


cotton  with  mild  and  severe  forms  of  V.  albo- 
atrum  (482,  489,  490).  Howell  (262)  reported 
that  the  wide  differences  in  enzyme-synthesizing 
capacity,  exhibited  by  haploid  and  diploid  forms 
of  this  fungus,  may  account  for  differences  in 
their  virulence  to  Gossypium  hirsutum  L. 

Inoculum  Potential 

Inoculum  potential  has  already  been  defined  by 
several  workers  (15 :4,  200).  It  refers  to  poten- 
tially infective  material  (conidia,  microsclerotia, 
mycelia)  in  a  given  environment.  It  largely  de- 
termines the  probability  of  a  successful  infection 
and  therefore  is  important  in  inoculation  studies. 
Schnathorst  (476)  has  studied  the  theoretical 
relationships  between  inoculum  potential  of  the 
fungus  causing  Verticillium  wilt  of  cotton  and 
disease  severity.  This  study  was  based  on  the 
variation  in  virulence  among  isolates  of  V.  albo- 
atrum.  The  most  virulent  isolates  usually  pro- 
duced the  greatest  number  of  conidia;  however, 
there  were  enough  exceptions  to  suggest  the  in- 
volvement of  other  factors.  When  viability  was 
considered  along  with  spore  number,  a  good  cor- 
relation was  obtained  between  virulence  and  the 
product  of  the  number  of  conidia  per  unit  times 
the  percentage  viability  of  the  conidia. 

Efficient  techniques  to  isolate  and  estimate 
the  number  of  propagules  present  are  needed 
when  field  nurseries  are  extensively  used  for 
studying  Verticillium  wilt  of  cotton.  A  tech- 
nique has  been  described  for  determining  quan- 
titatively the  inoculum  potential  of  V.  albo- 
atrum  in  soils  (592) ,  and  it  was  shown  that  the 
percentage  of  tomato  plants  infected  with  Verti- 
cillium wilt  was  directly  proportional  to  the  in- 
oculum potential  of  the  soil  (593) .  A  method  for 
isolating  the  viable  propagules  of  V.  albo-atrum 
from  cotton-field  soils  has  also  been  described 
(176).  Recently,  the  significance  of  population 
levels  of  Verticillium  in  the  soil  was  reviewed  by 
Powelson  (425). 

Others  have  standardized  the  inoculum  den- 
sity (spores  per  milliliter)  by  using  a  hemacyto- 
meter and  later  by  relating  spore  density  to  the 
percentage  transmittance  at  the  400-m/x  wave- 
length on  a  Bausch  and  Lomb  Spectronic  20  col- 
orimeter (171).  In  one  representative  experi- 
ment young  'Deltapine'  cotton  plants  were  inocu- 
lated by  stem  puncture  with  spores  (500,000 
spores/ml.) ,  and  after  4  days,  by  visual  observa- 
tion, five  of  10  plants  showed  petiole  bending  of 
the  first  leaf.  Bugbee  and  Presley  (106)  used  a 


conidial  concentration  of  2  to  3xl06/ml.  and 
reported  that  the  field  observations  of  wilt  de- 
velopment correlated  more  with  results  obtained 
by  the  stem-injection  method  in  the  greenhouse 
with  older  plants  than  with  seedlings  in  the 
greenhouse.  It  was  suggested  that  this  may  have 
been  due  to  adult-plant  resistance  or  to  the  effect 
of  inoculum  potential.  Preliminary  studies  indi- 
cated that  known  varietal  resistance  based  on 
field  results  could  be  demonstrated  on  4-  to  7- 
week-old  plants  injected  with  spores  at  low 
dosages. 

Temperature 

Temperature  is  an  important  factor  influ- 
encing the  host,  the  pathogen,  their  interactions, 
and  ultimately  infection  and  disease  develop- 
ment. It  is  a  critical  factor  in  the  development  of 
Verticillium  wilt  of  cotton.  Halisky  et  al.  (232) 
studied  the  influence  of  soil  temperature  on 
Verticillium  wilt  incidence  in  the  laboratory  and 
greenhouse.  They  reported  that  soil  tempera- 
tures between  20°  and  25°  C.  were  most  favor- 
able for  disease  development,  whereas  no  wilt 
symptoms  developed  at  a  constant  soil  tempera- 
ture of  35°  C.  Their  studies  with  the  fungus  in 
the  laboratory  showed  maximum  growth  at  21° 
to  24°  C,  with  no  measurable  growth  at  30°  C. 
They  concluded  that  (232,  p.  584)  "the  influ- 
ence of  soil  temperature  on  wilt  development  in 
cotton  apparently  is  directly  related  to  the  effect 
of  temperature  on  the  growth  and  activity  of  the 
pathogen."  More  recent  studies  by  Bell  and 
Presley  (60)  report  the  effects  of  temperature 
upon  resistance  and  phytoalexin  synthesis  in 
cotton  inoculated  with  V.  albo-atrum. 

Barrow  (39)  studied  the  critical  requirements 
for  genetic  expression  of  wilt  tolerance  in  'Acala' 
cotton  and  reported  that  maximum  daily  temper- 
atures no  greater  than  24.5°  C.  were  necessary 
to  separate  genetic  differences  in  two  strains  of 
cotton  inoculated  with  the  mild  SS4  isolate. 
These  studies  showed  that  accurate  classifica- 
tion of  genetically  tolerant  and  susceptible  cot- 
ton plants  was  dependent  upon  carefully  con- 
trolled temperatures,  inoculum  concentrations, 
and  plants  sufficiently  mature  at  inoculation  to 
allow  free  movement  of  conidia  in  the  xylem  ves- 
sels. Barrow  further  suggested  that  temperature 
requirements  may  change  with  different  genetic 
materials.  Garber  and  Presley  (197)  observed 
the  relation  of  air  temperature  to  development 
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of  Verticillium  wilt  on  cotton  in  the  field  and 
reported  that  high  temperatures  could  mask  or 
obscure  the  influence  of  pathogen  population  and 
virulence  in  determining  disease  severity. 

Soil 

Observational  and  laboratory  results  of 
Christensen  et  al.  (126)  showed  that  the  severity 
of  Verticillium  wilt  decreased  as  the  salt  con- 
centration in  the  soil  increased.  Increases  in  wilt 
occurred  with  increases  in  soil  moisture,  which 
tended  to  lower  the  salt  concentration  of  the  soil 


solution.  Others  have  studied  the  relationships 
among  soil  moisture,  total  free  water  in  the 
leaves  of  cotton  plants,  and  susceptibility  to  wilt 
(25). 

Humidity 

The  maintenance  of  high  humidity  is  often 
desirable  following  inoculation,  especially  after 
root  dipping.  Inoculated  plants  should  be  cov- 
ered or  kept  shaded  for  2  to  3  days.  Special  moist 
chambers  may  be  used  for  plants  after  inocula- 
tion before  they  are  returned  to  the  greenhouse. 


ASSESSMENT  OF  RESULTS  OF  INOCULATION 


In  field  nurseries  where  evaluations  of  cotton 
strains  and  varieties  for  their  reaction  to  V. 
albo-atrum  are  made,  plant  breeders  and  path- 
ologists have  at  times  encountered  difficulty  in 
relating  disease  severity  to  yield.  Highly  signifi- 
cant yield  differences  have  been  obtained  be- 
tween strains  or  varieties  that  appeared  about 
equal  in  susceptibility  to  Verticillium  wilt.  Some 
commercial  breeders  have  expressed  the  opinion 
that  disease  rating  in  the  field  may  be  unmean- 
ingful  and  only  yield  data  should  be  considered. 
In  New  Mexico,  Staff eldt  and  Fryxell  (525)  ob- 
served that  the  percentage  of  infected  plants 
was  not  adequate  in  determining  the  tolerance 
of  cottons  to  Verticillium  wilt  under  field  condi- 
tions. They  proposed  a  grading  scheme  for  indi- 
vidual plants  based  on  the  percentage  of  func- 
tioning photosynthetic  area  and  external  symp- 
toms. Others  have  continued  to  use  the  percent- 
age of  plants  showing  wilt  symptoms  in  the  field 
at  a  particular  date  as  a  criterion  of  wilt  suscep- 
tibility or  resistance  (U72). 

In  laboratory,  greenhouse,  and  growth  cham- 
ber studies  a  steady  trend  toward  more  precise 
inoculation  techniques  has  occurred  in  recent 
years.  Early  in  his  inoculation  experiments, 
Presley  (U27)  assessed  the  result  of  seedling 
inoculation  experiments  on  the  basis  of  wilting 
plus  internal  vascular  discoloration.  Wiles  (588, 
589,  590)  assessed  the  results  of  inoculation  by 
the  root-dip  method  on  the  basis  of  seedlings 
killed  30  days  after  inoculation.  This  method 
was  deemed  satisfactory  for  screening  cottons 
for  their  reactions  to  both  Fusarium  and  Verti- 
cillium wilts  and  was  judged  rapid  as  well  as 
convenient  for  studying  large  plant  populations. 

Erwin  and  his  associates  (171)  compared  the 
performance  of  the  stem-puncture  and  the  root- 
dip  methods  and  reported  that  stem  puncture 


gave  as  high  as  or  higher  degree  of  predictability 
of  disease  inception  in  plants  as  the  root-dip 
method,  but  caused  no  consistent  physiological 
stunting  of  the  plants,  whereas  root  dipping 
caused  a  retardation  in  growth.  Additionally, 
they  measured  the  downward  bending  of  the 
petioles  of  healthy  and  inoculated  plants  by  re- 
cording the  angle  between  the  two.  They  found 
that  the  petioles  of  healthy  plants  bent  down- 
ward during  the  day  and  recovered  at  night,  but 
the  petioles  of  inoculated  plants  failed  to  recover 
and  remained  bent  downward. 

Bugbee  and  Presley  (106)  used  a  modified 
stem-puncture  method  and  believed  that  a  pri- 
mary value  of  this  method  was  its  rapidity  in  in- 
oculating large  numbers  of  plants.  They  also 
proposed  that  susceptible  varieties  grown  in  ro- 
tation in  the  breeders  nursery  could  be  stem-in- 
jected to  increase  the  inoculum  returned  to  the 
soil  or  spot-inoculated  to  reduce  the  variability 
in  amount  of  inoculum  that  might  prevail  in  a 
particular  field.  It  should  be  noted  here,  how- 
ever, that  if  resistance  or  tolerance  to  Verticil- 
lium wilt  of  cotton  is  related  to  root  structure  or 
root  function,  as  has  been  suggested,  then  stem 
puncture  as  a  method  of  inoculation  might  well 
prevent  or  preclude  expressions  of  resistance  by 
plants  inoculated  in  this  manner.  Thus,  when 
large  plant  populations  are  screened  for  sources 
of  resistance,  the  root-dip  method  or  root-ball 
method  of  inoculation  would  seem  more  desir- 
able, since  root  factors  that  contribute  to  resist- 
ance would  not  be  bypassed.  Finally,  if  we  as- 
sume that  resistance  is  a  function  of  the  total 
structure  and  stage  of  development  of  the  plant, 
then  this  alone  is  sufficient  reason  for  evaluat- 
ing the  field  performance  of  strains  and  varie- 
ties. A  plant  that  exhibits  severe  disease  symp- 
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toms  but  has  a  high  level  of  productivity  may  be 
far  more  acceptable  than  an  immune  nonpro- 
ductive plant. 

It  can  be  readily  noted  that  with  changes  in 
research  objectives  have  come  changes  in  inocu- 
lation techniques  and  procedures.  Most  of  the 
early  research  objectives  were  directly  related  to 
finding  sources  of  resistance  to  Verticillium  wilt 
of  cotton  and  then  attempting  to  utilize  them. 
More  recently  the  objectives  have  been  oriented 


toward  more  basic  studies.  As  already  noted,  the 
objectives  of  the  researcher  and  the  available 
facilities  for  his  work  have  a  bearing  on  the  type 
of  inoculation  technique  he  uses.  The  ultimate 
choice  of  techniques,  however,  is  still  a  question 
that  the  researcher  himself  must  decide.  And 
finally,  whether  they  are  performed  in  the  field, 
greenhouse,  or  growth  chamber,  inoculation  ex- 
periments should  be  designed  at  the  outset  to 
permit  an  appropriate  analysis  of  the  results. 
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FUNGUS  PENETRATION  AND  DEVELOPMENT 

By  R.  H.  Garber1 

INTRODUCTION 


Verticillium  albo-atrum  Reinke  &  Berth,  is  a 
vascular  wilt  pathogen  that  can  survive  for  a 
number  of  years  in  the  competitive  environment 
of  the  soil.  The  disease  syndrome  incited  by  this 
vascular  pathogen  is  initiated  by  germination  of 
fungus  propagules  in  the  soil,  followed  by  suc- 
cessful penetration  into  host  roots  and  vascular 
system  and  subsequent  growth  and  development 
of  the  fungus  in  the  stem  and  leaves.  If  environ- 
mental conditions  are  suitable,  the  usual  result 
of  the  interaction  of  the  two  organisms  is  visual 
disease  symptoms  in  the  host. 

Verticillium  wilt  disease  of  cotton  (Gossy- 
pium  hirsutum  L.)  has  been  the  subject  of  num- 
erous research  articles,  but  very  little  has  been 
written  on  anatomical  studies  of  the  pathogen  in 
relation  to  host  plants.  In  the  discussion  to  fol- 
low references  are  made  to  studies  of  Verticil- 
lium wilt  of  hosts  other  than  cotton,  as  well  as 
to  vascular  wilt  diseases  incited  by  Fusarium 


species.  I  am  not  suggesting  that  the  disease 
process  of  Verticillium  in  other  hosts,  or  of 
Fusarium,  is  necessarily  identical  with  Verti- 
cillium in  cotton.  These  references  are  included 
with  the  expectation  that  through  them  some 
new  insights  into  vascular  wilts  will  inspire  the 
reader  to  make  a  contribution  that  will  further 
our  knowledge  of  this  interesting  and  complex 
disease  of  cotton.  For  the  purposes  of  this  dis- 
cussion the  disease  process  has  been  divided  into 
eight  stages  of  disease  development.  The  stages 
are  part  of  an  artificial  system,  each  part  se- 
lected arbitrarily,  and  neither  host  plant  nor 
pathogen  necessarily  follow  the  scheme  selected. 
The  stages  are  penetration  of  host  epidermis, 
fungus  development  in  cortex,  host  exclusion 
mechanisms,  vascular  invasion,  xylem  coloniza- 
tion, fungus  reproduction  in  xylem,  colonization 
of  stems  and  leaves,  and  symptom  development. 


PENETRATION 


In  the  disease  process,  vascular  pathogens 
such  as  the  microsclerotial  (MS)  form  of  V. 
albo-atrum  ordinarily  invade  plants  by  way  of 
their  roots.  The  fungus  propagule  in  whatever 
form  has  a  limited  source  of  nutriments;  how- 
ever, if  it  germinates  it  produces  a  mycelium. 
The  mycelium  in  turn  invades  the  root  and  im- 
mediately begins  to  feed  on  a  more  abundant  sup- 
ply of  nutriments.  Selman  and  Buckley  found 
that  increasing  concentrations  of  nutrients  in  the 
growth  medium  enhanced  the  invasion  process 
(499)  .2  In  any  event,  it  is  necessary  for  the  path- 
ogen to  contact  the  host  root.  Certainly  chance 
juxtaposition  of  inoculum  to  root  would  appear 

1  Research  plant  pathologist,  Northern  California- 
Nevada  Area,  Western  Region,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Shafter,  Calif. 
93263. 

2  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 


to  be  a  large  factor  here,  as  Sewell  (501)  found 
no  trace  of  Verticillium  hyphae  more  than  2  mm. 
away  from  the  inoculum.  Talboys  (5^0)  sug- 
gested that  the  frequency  with  which  fungus  in- 
oculum contacts  roots  is  a  matter  of  chance,  but 
that  parts  of  the  root  system,  depending  on  age 
and  stage  of  development,  vary  in  susceptibility. 
In  his  concept,  host  resistance  as  a  whole  is 
limited  by  that  of  the  least  resistant  part  of  the 
roots.  Thus,  at  very  high  concentrations  of  in- 
fective units  many  low- resistance  sites  will  be  in- 
fected, while  at  very  low  concentrations,  avail- 
ability of  infective  units  becomes  a  limiting 
factor. 

Fungus  penetration  into  roots  may  occur  at 
various  locations  along  uninjured  roots.  Smith 
and  Walker  (518)  reported  that  in  Fusarium 
wilt  of  cabbage  the  fungus  penetrated  the  inter- 
cellular spaces  of  the  root  and  infrequently  di- 
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rectly  through  an  epidermal  cell.  The  important 
channels  of  penetration  were  the  meristematic 
region  and  the  region  of  elongation.  Although 
the  hyphae  occasionally  passed  into  the  rupture 
created  by  lateral  root  formation,  they  concluded 
that  this  avenue  of  invasion  was  unimportant. 
Bolley  (79)  and  Tisdale  (552)  found  that  the 
Fusarium  wilt  fungus  penetrated  young  flax  at 
any  point  through  the  cotyledons,  stems,  or  roots. 
Nelson  (399)  studied  the  penetration  of  V.  albo- 
atrum  into  peppermint  roots.  Within  6  hours 
after  inoculation  the  slender  infection  hyphae 
had  penetrated  the  cell  wall. 

Reid  (442),  working  with  Fusarium  wilt  of 
melons,  considered  the  rupture  created  by  the 
emergence  of  the  secondary  root  a  suitable  point 
of  entry  for  hyphae  growing  in  the  rhizosphere. 
He  reasoned  that  since  secondary  roots  are  dif- 
ferentiated within  1  mm.  of  the  primary  root  tip 
the  invading  fungus  should  be  able  to  avoid  any 
barrier  that  might  be  offered  by  the  endodermis. 
He  found  this  fungus  capable  of  penetrating 
through  the  primary  meristem  of  roots,  through 
the  region  of  elongation,  and  through  tears  in 
the  cortex.  No  direct  penetration  of  the  living 
epidermal  cells  was  observed,  but  the  hyphae 
commonly  penetrated  the  root  tissue  intercellu- 
larly,  usually  at  the  juncture  of  three  cells. 

Bewley  (67)  concluded  that  V.  albo-atrum 
could  infest  unwounded  tomato  roots.  Isaac 
(272)  reached  the  same  conclusion  after  his 
study  of  Verticillium  wilt  of  sainfoin. 

The  entry  of  V.  albo-atrum,  dark-mycelium 
type  (DM) ,  into  tomato  roots  was  found  by  Sel- 
man  and  Buckley  (4-99)  to  be  through  the  cells 
from  which  root  hairs  had  arisen,  not  through 
the  walls  of  the  hairs  themselves.  Root  hairs 
were  well  developed  on  cells  filled  with  hyphae, 
a  finding  that  might  indicate  invasion  of  the  cells 
after  the  formation  of  hairs.  Tisdale  (552)  re- 
ported penetration  of  root  hairs  as  one  means 
of  entry  by  the  organism  in  Fusarium  wilt  of 
cabbage,  but  Smith  and  Walker  (518)  found 
that  root  hair  penetration  by  this  organism  was 
of  no  consequence.  Young  flax  seedlings  resist- 
ant to  Fusarium  wilt  were  as  readily  penetrated 
as  the  seedlings  of  a  susceptible  strain  (79). 

Anatomical  evidence  for  the  infection  of  cot- 
ton plants  by  V.  albo-atrum  (MS)  is  extremely 
limited  (195,  196,  329,  434).  In  moist  soil  the 
fungus  is  capable  of  penetrating  young  unin- 
jured cotton  seedlings  anywhere  from  the  root- 


cap  to  the  hypocotyl  (195).  Penetration  occurs 
readily  through  the  rootcap,  usually  resulting  in 
mass  acropetal  invasion  of  all  cell  layers  from 
the  root  center  to  the  periphery.  The  hyphae 
penetrated  both  intercellulaiiy  and  intracellu- 
lar^ and  were  alined  more  or  less  parallel  to  the 
longitudinal  axis  of  the  root. 

Above  the  rootcap  in  the  area  of  root  elonga- 
tion and  maturation  the  fungus  penetrated  di- 
rectly through  the  epidermis  (195) .  Penetration 
may  be  either  intercellular  or  intracellular.  Germ 
tubes  from  conidia  or  hyphae  are  capable  of 
penetrating  the  outer  epidermal  cell  wall  within 
24  hours  from  the  time  of  inoculation. 

Conidia  contacting  young  roots  mostly  germi- 
nated within  24  hours  following  inoculation 
(195) .  Some  germ  tubes  from  conidia  developed 
around  the  root  hairs,  and  some  penetrated  the 
root  hairs.  In  some  cases  the  base  of  the  root  hair 
was  penetrated,  and  the  germ  tube  grew  toward 
the  tip  of  the  root  hair.  In  comparison  to  direct 
epidermal  penetration,  the  mycelium  from  in- 
vaded root  hairs  occasionally,  but  infrequently, 
penetrated  the  cortical  cell  layers.  The  conidial 
germ  tubes  on  the  surface  of  the  root  appeared 
to  be  oriented  in  a  random  fashion;  some  grew 
away  from  the  root  and  some  toward  the  root.  In 
the  epidermal  areas  between  the  root  hairs  the 
fungus  penetrated  both  intercellularly  and  intra- 
cellular^. 

When  secondary  roots  of  cotton  emerge,  the 
rupture  of  primary  tissue  does  not  occur  until 
the  lateral  root  is  well  developed  (195).  Lateral 
roots  start  from  the  pericycle  located  just  be- 
neath the  endodermis.  As  the  roots  emerge  from 
the  primary  root  tissue,  a  rootcap,  an  epidermis, 
many  layers  of  cortex,  and  an  endodermis  sur- 
round the  vascular  tissue.  In  no  case  was  the 
secondary  root  invaded  as  it  emerged  from  the 
taproot,  nor  did  the  rupture  between  a  primary 
and  its  lateral  root  appear  to  be  a  particularly 
susceptible  invasion  court.  In  healthy  roots  the 
epidermis  is  continuous.  Scott  (498)  stated  that 
cutinization  is  frequently  heavier  around  lateral 
root  origin,  and  the  mucilaginous  layer,  normally 
covering  the  root  surface,  is  apparently  uninter- 
rupted. 

Hypocotyl  tissue  of  cotton  seedlings  is  as  sus- 
ceptible to  penetration  as  root  tissue  at  compar- 
able stages  of  development.  The  lower  hypocotyl 
region  is  below  the  soil  surface  and  in  moist  soil 
is  subject  to  fungus  penetration.  Intercellular 
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and  intracellular  invasion  of  the  hypocotyl  oc- 
curs, and,  as  in  the  root  invasion,  no  evidence  of 
chemical  destruction  of  the  epidermis  was  ob- 


served (195).  Fungus  penetration  was  equal  in 
root  and  hypocotyl  areas  of  the  susceptible  and 
wilt-tolerant  cotton  cultivars  (195). 


FUNGUS  DEVELOPMENT  IN  CORTEX 


V.  albo-atrum  (MS)  within  96  hours  follow- 
ing inoculation  of  peppermint  roots  progressed 
through  two  to  four  layers  of  cortex  cells  and 
was  near  the  differentiated  stele  (399).  Intra- 
cellular penetration  of  fungus  hyphae  through 
the  cortical  cells  of  cabbage  roots  took  place 
readily  in  plants  both  resistant  and  susceptible 
to  Fusarium  wilt  (19).  Secondary  roots  were 
frequently  attacked  before  their  apical  tips  com- 
pletely traversed  the  cortex  of  the  primary  root. 
The  cortex  tissue  of  young  roots  and  hypocotyls 
of  very  susceptible,  intermediate  resistant,  and 
homozygous  resistant  plants  was  invaded.  The 
cell  walls  were  penetrated  by  mechanical  pres- 
sure. Both  intercellular  and  intracellular  pene- 
tration occurred.  No  change  in  diameter  or  ap- 
pearance of  the  penetrating  hyphae  was  general- 
ly observed,  but  infrequently  a  hyphal  strand 
expanded  at  the  cell  surface  and  penetrated  the 
cell  wall  by  means  of  a  narrow  projection  peg. 
Reid  (Uh2)  found  that  Fusarium  hyphae  pene- 
trated both  susceptible  and  resistant  melon  va- 
rieties, but  invasions  into  resistant  varieties  re- 
mained relatively  localized,  and  the  cortex  was 
not  extensively  invaded. 

When  V.  albo-atrum  (MS)  invaded  young 
cotton  roots  through  the  rootcap,  there  seemed 
to  ^be  little  impedance  to  growth  acropetally 
through  the  cortical  tissue  (1 95)  .There  was  a 
tendency  for  the  cells  to  separate  into  longitudi- 
nal rows,  indicating  a  breakdown  of  the  middle 
lamellae  along  the  tangential  and  radial  walls. 
The  primary  vascular  tissue  was  commonly  in- 
vaded, but  there  was  a  noticeable  retardation  of 
fungus  growth  in  the  vascular  region.  In  the 
adjacent  cortical  tissue  the  fungus  appeared  to 
develop  comparatively  unimpeded.  Some  indi- 
vidual hyphae  did  reach  the  vascular  region  and 
the  xylem  tissue.  In  some  instances  the  mycelium 


appeared  swollen  and  deteriorated  in  the  vascu- 
lar region.  Quite  commonly,  roots  that  were  ex- 
tensively penetrated  through  the  root  tip  stopped 
apical  growth.  In  these  roots,  however,  lateral 
roots  were  formed  back  of  the  apical  tip. 

The  process  of  cortical  invasion  of  the  area 
behind  the  root  tip  was  similar  all  along  the 
young  primary  root  and  lower  hypocotyl  (195). 
The  hyphal  strands  developed  both  intercellular- 
ly  and  intracellularly.  The  progress  of  the  de- 
veloping mycelium  was  toward  the  vascular  re- 
gion. There  was,  however,  no  marked  centripetal 
alinement  of  hyphal  strands  as  was  observed 
where  a  mass  invasion  took  place.  On  the  con- 
trary, some  hyphal  strands  deviated  from  their 
radial  course  and  developed  tangentially  and  in- 
tercellularly  for  several  cell  layers  before  pene- 
trating directly  into  the  interior  of  the  cell. 
When  the  development  of  the  mycelium  became 
intracellular,  appressoria  were  commonly  ob- 
served. The  mycelial  strand  was  swollen  in  a  bal- 
loonlike fashion  at  the  point  of  wall  penetration. 
The  actual  penetration  peg  (apparently  the 
"lignituber"  discussed  by  Talboys  (537)  ap- 
peared to  be  constricted  as  it  passed  through  the 
cell  wall.  The  hyphal  strand  became  larger  again 
as  it  developed  into  the  invaded  cell.  The  my- 
celium was  difficult  to  stain  and  thus  hard  to  ob- 
serve as  it  passed  through  the  cell  wall. 

When  the  inoculum  potential  was  low,  par- 
ticularly in  the  hypocotyl  region,  little  penetra- 
tion occurred  beyond  the  first  few  cortical  cell 
layers.  When  more  hyphae  invaded  the  cortex, 
as  occurred  with  heavier  inoculum  concentra- 
tions, the  penetration  hyphae  developed  in  a 
closely  packed  mass  and  advanced  as  an  invasion 
front.  No  differences  were  found  between  tissues 
of  the  susceptible  G.  hirsutum  'Deltapine  15' 
cultivar  and  the  more  tolerant  'Acala  4-42'  in 
regard  to  invasion  by  the  Verticillium  fungus. 


HOST  EXCLUSION  MECHANISMS 


Most  work  on  the  pathological  anatomy  of  host 
plants  infected  with  vascular  wilt  pathogens  has 
uncovered  various  barriers  to  fungus  invasion. 
Talboys  (538)  found  lignified  epidermal  and 
cortical  cell  walls  in  hop  plants  invaded  by  V. 


albo-atrum  (DM).  The  inner  cortical  layers  of 
tomato  roots  were  freely  penetrated  by  hyphae 
of  V.  albo-atrum  (DM)  (499) .  Lignitubers  were 
rarely  seen  in  these  cells.  The  cytoplasm  of  in- 
fected cells  appeared  granular,  and  the  walls 
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stained  red  with  safranin.  There  was  no  evi- 
dence of  changes  occurring  in  advance  of  the 
fungus.  Intercellular  spaces  in  the  infected  re- 
gion were  frequently  occluded  and  often  con- 
tained safranin-staining  globules.  Talboys  (54.0) 
suggested  that  at  least  part  of  a  plant's  resist- 
ance mechanism  rests  in  the  rapidity  with  which 
suberin  forms  in  the  cortex  cell  layers.  If 
suberization  is  sufficiently  rapid,  xylem  inva- 
sion is  prevented.  He  lists  two  components  of 
cortical  defense:  The  efficiency  of  a  mechanism 
requiring  an  immediate  metabolic  response  de- 
clines with  increasing  distance  from  the  tip  of 
the  root,  and  the  cell  wall  suberization  mechan- 
ism increases  in  efficiency  with  the  age  of  tissue. 

Suberized  bands  at  the  endodermis  of  cabbage 
roots  prevented  most  hyphae  from  invading  the 
stele  in  Fusarium  wilt  of  cabbage  (19) .  Penetra- 
tion of  V.  albo-atrum  (DM)  into  the  vascular 
tissue  of  hop  plants  depended  on  the  amount  of 
suberin  in  the  endodermal  cell  walls  (538) .  More 
suberin  developed  in  the  endodermis  of  tolerant 
cultivars.  Lignitubers  were  abundant  in  the 
roots  of  invaded  plants. 

Most  hyphae  entering  the  epidermal  cells  of 
cotton  roots  or  the  lower  hypocotyl  were  pre- 
vented from  entering  the  cortex  at  the  inner 
tangential  wall  of  the  epidermis  (195).  The  wall 
was  swollen,  and  occasionally  a  gumlike  deposit 
was  present  in  the  cell  wall  area.  A  few  hyphae 
penetrated  this  layer,  sometimes  intracellular^ 


with  constricted  penetration  pegs.  Intercellular- 
ly,  the  gumlike  substance  was  abundant  in  the 
affected  walls,  and  penetration  hyphae  through 
this  impediment  layer  often  appeared  swollen 
and  distorted.  Most  hyphae  failed  to  develop  be- 
yond the  epidermal  layer. 

In  other  cases  hyphae  were  impeded  within 
the  compact  outer  cortical  cells  (195).  The  walls 
of  the  invaded  cells  were  filled  with  a  very  dark, 
thick,  gumlike  material.  When  this  material  was 
abundant,  very  few  hyphae  were  able  to  pene- 
trate farther  into  the  cortex.  Some  hyphae 
penetrated  deeper  into  the  cortical  cell  layers 
when  the  dark  substance  was  present  in  small 
amounts  or  not  present  at  all.  When  invasion 
was  limited  to  a  few  hyphae,  cells  did  not  de- 
teriorate in  advance  of  the  invasion.  The  defense 
mechanisms  of  the  epidermal  and  cortical  tis- 
sues were  apparently  overcome  by  mass  inva- 
sions from  a  high  inoculum  potential.  Mycelial 
strands  developed  in  closely  arranged  parallel 
groups,  and  a  definite  halolike  area  was  ob- 
served in  advance  of  the  invasion  front.  Devel- 
opment was  centripetal,  and  the  halolike  ap- 
pearance resulted  from  cell  wall  breakdown  one 
or  two  layers  ahead  of  the  mycelium.  The  entire 
cell  wall  was  broken  apart  and  often  destroyed, 
and  the  breakdown  involved  more  than  the  mid- 
dle lamella.  The  defense  mechanisms  of  the  sus- 
ceptible cotton  'Delta  pine  15'  did  not  differ 
from  the  more  tolerant  'Acala  4-42'. 


VASCULAR  INVASION 


The  Fusarium  wilt  fungus  penetrated  the  en- 
dodermis and  pericycle  of  cabbage  roots  and 
invaded  the  protoxylem  and  then  the  larger 
reticulate  and  pitted  vessels  (518).  Robinson, 
Larson,  and  Walker  (452)  reported  the  pene- 
tration of  stems  and  roots  of  potato  plants  by 
Verticillium.  Fungus  hyphae  were  found  in  the 
lumen  of  the  vessels  and  were  readily  isolated 
from  the  xylem.  Rudolph  (460)  occasionally 
found  the  mycelia  of  Verticillium  in  discolored 
xylem  vessels.  The  discoloration  was  attributed 
in  part  to  the  dark  mycelium  of  the  fungus  and 
to  a  chemical  discoloration  of  the  cell  walls 
caused  by  fungus  toxins.  The  discoloration  pre- 
ceded the  development  of  the  fungus.  Penetra- 
tion of  V.  albo-atrum  (DM)  into  the  vascular 
tissue  of  hop  plants  depended  on  the  amount  of 
suberin  in  the  endodermal  cell  walls  (538) .  More 


suberin  developed  in  the  endodermis  of  tolerant 
cultivars. 

In  Fusarium  wilt  of  cabbage,  the  protostele 
of  roots  is  invaded  while  that  tissue  is  still  un- 
dergoing differentiation.  Once  within  the  vas- 
cular region,  the  fungus  is  more  or  less  confined 
to  the  xylem.  The  walls  of  some  of  the  vessels 
are  frequently  browned  in  the  latter  stages  of 
disease  (518).  Tisdale  (552)  found  that  the 
Fusarium  wilt  fungus  seldom  penetrated  the 
xylem  cells  of  flax. 

If  the  invading  hypha  of  V.  albo-atrum  (MS) 
was  able  to  evade  the  layers  of  impedance  en- 
countered at  the  epidermis  and  cortex  of  cotton 
roots,  it  encountered  a  third  impediment  at  the 
endodermis  (195).  The  outer  walls  of  the  endo- 
dermal cells  appeared  thickened,  and  cells  chal- 
lenged by  the  fungus  were  filled  with  a  gumlike 
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material.  Many  cells  were  so  full  of  the  material 
that  mycelia  could  not  be  detected.  Many  hyphae 
entered  the  endodermis  from  the  cortex  side; 
however,  only  a  very  few  were  able  to  penetrate 
to  the  vascular  side.  Most  endodermal  invasion 
was  intracellular,  although  intercellular  develop- 
ment occurred. 

The  few  hyphae  entering  the  vascular  tissue 
usually  penetrated  the  vessel  members  through 
the  pits  (195).  Occasionally,  an  appressorium 
was  formed  over  the  pit  border.  The  fungus 


formed  a  thin,  peglike  projection  as  it  passed 
through  the  pit  aperture.  Hyphae  were  not  al- 
ways confined  to  the  first  vessel  member  in- 
vaded, but  in  many  instances  grew  out  through 
a  pit  on  the  wall  of  the  vessel  on  the  side  opposite 
the  entry  point  and  into  an  adjacent  vessel.  No 
fungus  was  detected  in  phloem  cells  in  this  area. 
Penetration  of  the  xylem  occurred  in  less  than 
3  days  after  inoculation.  No  differences  were  de- 
tected between  the  susceptible  and  the  tolerant 
varieties  of  cotton. 


XYLEM  COLONIZATION 


Once  within  the  vascular  tissue  of  cabbage, 
the  Fusarium  wilt  fungus  was  more  or  less  con- 
fined to  the  xylem  and  grew  up  into  the  stems 
and  leaves  (518) .  The  relative  abundance  of  the 
hyphae  diminished  in  the  upper  hypocotyl  and 
transition  zone  between  root  and  stem  tissues. 
Most  vessels  in  the  stem  were  free  of  the  organ- 
ism. In  the  latter  stages  of  the  disease  some 
vessel  walls  were  brown.  Relatively  few  hyphae 
were  observed  in  the  veins  of  the  petioles  and 
leaves.  No  morphological  differences  between 
the  resistant  and  the  susceptible  cabbage  lines 
were  detected.  Gilman  (205)  in  his  studies  of 
the  same  disease  never  isolated  the  fungus  from 
the  stem  until  a  marked  yellowing  of  tissue  oc- 
curred. He  found  the  fungus  confined  to  the  liv- 
ing tissue  of  the  vascular  bundles.  Reid  (442) 
found  that  mycelia  were  prevalent  in  the  xylem 
vessels  of  melon  invaded  by  the  Fusarium  wilt 
organism.  Tyloses  were  present,  but  they  were 
not  necessarily  more  abundant  in  diseased 
plants.  Gumlike  deposits  commonly  plugged  the 
vessels  of  diseased  plants. 

In  cases  of  advanced  disease  Verticilliam  my- 
celia virtually  plugged  some  xylem  vessels  of 
potatoes  and  could  be  traced  from  the  root  tip  to 
the  stem  terminal  (460) .  The  amount  of  mycelia 
in  the  vessels,  however,  was  not  indicative  of  the 
severity  of  wilt. 

Up  to  the  time  V.  albo-atrum  (MS)  invaded 
the  xylem  of  cotton,  no  differences  were  noted 


between  a  susceptible  and  a  tolerant  variety 
(195).  The  quantity  of  vessel  elements  invaded 
appeared  to  be  related  to  the  number  of  points  of 
entry  and  to  the  mass  of  mycelia  that  developed 
from  that  point  of  entry.  The  mycelium  was  gen- 
erally unbranched,  and  no  typical  conidiophores 
were  noted.  Spores,  however,  formed  in  the 
xylem  within  3  days  following  inoculation.  It 
was  not  determined  how  the  spores  formed;  how- 
ever, the  process  appeared  to  be  one  of  budding 
from  the  tips  or  sides  of  the  mycelium. 

In  root  sections  cut  some  distance  from  the 
point  of  xylem  penetration,  'Deltapine  15'  and 
'Acala  4-42'  differed  in  the  total  amount  of  my- 
celia present  (195).  Individual  vessel  members 
of  each  variety  were  invaded  to  a  similar  extent, 
but  in  'Deltapine  15'  more  vessels  were  involved. 

In  sections  cut  higher  and  higher  on  the  tap- 
root, the  differences  between  the  cultivars  be- 
came more  pronounced,  and  a  high  percentage  of 
the  vessels  of  the  susceptible  cultivar  was  in- 
vaded. Some  vessel  elements  were  literally 
packed  with  mycelia.  In  sections  cut  from  the 
same  general  place  on  the  taproots  of  'Acala  4- 
42',  a  much  lower  percentage  of  vessels  was  in- 
vaded, and  the  individual  vessel  members  were 
not  so  intensively  invaded.  In  the  upper  taproot, 
transition  zone,  and  hypocotyl  more  vessel  mem- 
bers were  invaded  in  'Deltapine  15'  than  in 
'Acala  4-42'. 


FUNGUS  REPRODUCTION  IN  XYLEM 


Numerous  workers  have  reported  the  pres- 
ence of  spores  in  the  vessels  of  plants.  A  Reinke 
and  Berthold  paper  published  in  1879  describes 
Verticillium  wilt  of  potatoes  and  includes  draw- 
ings of  spores  produced  in  the  vessels  (443) .  Gil- 
man  (205)  in  1916  reported  conidia  in  the  ves- 


sels of  cabbage  plants  with  Fusarium  wilt.  This 
was  confirmed  by  Smith  and  Walker  (518).  Tis- 
dale  (552)  reported  the  production  of  micro- 
conidia  of  the  Fusarium  wilt  organism  in  the 
vascular  cells  of  flax  plants.  In  bananas,  spores 
of  Fusarium  oxysporum  f.  cubense  (Snyd.  & 
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Hans.)  were  produced  in  xylem  vessels  (45). 
Mild  and  virulent  hop  isolates  of  V.  albo-atrum 
(DM)  formed  as  many  as  6,870  conidia/ml.  in 
the  xylem  fluid  of  hop  stems  (502).  Talboys 
(539)  reports  Verticillium  conidia  in  a  number 
of  hosts.  Leyendecker  (329)  did  not  observe 
spores  in  the  cotton  roots  or  stems  he  sectioned. 

In  root  sections  of  cotton  cut  some  distance 
from  the  point  of  xylem  penetration,  there  were 
more  spores  in  the  susceptible  variety  than  in 
the  more  tolerant  variety  (195).  Fifty  to  100 
spores  were  counted  within  individual  vessel  ele- 
ments. In  most  cases  these  spores  appeared  to  be 
free-floating  in  the  xylem  stream  and  in  no  way 
connected  with  mycelia  present  in  the  same  ele- 
ment. A  much  smaller  number  of  vessels  was  in- 
vaded, and  the  individual  vessel  members  were 
not  so  intensively  invaded  in  'Acala  4-42'  as  in 
'Deltapine  15'.  Two  sizes  of  spores  were  ob- 
served. One  group  was  approximately  2  by  6  n 
and  the  other  approximately  5  by  10  The 

COLONIZATION  OF 

Talboys  (537)  found  that  in  sensitive  hop 
plants  invaded  by  a  virulent  strain  of  V.  albo- 
atrum  (DM)  the  vessels  of  the  roots,  stems,  leaf 
petioles,  and  main  vascular  bundles  of  the  leaves 
were  eventually  invaded.  The  fungus  did  not 
enter  the  small  terminal  vascular  elements  in  the 
interveinal  areas  of  the  leaf  lamina.  By  severing 
plants  in  a  dye  solution,  Talboys  (538)  deter- 
mined that  only  a  small  proportion  of  the  vessels 
in  the  stems  and  petioles  were  obstructed  to  such 
an  extent  that  they  were  no  longer  available  for 
transport  of  water.  The  dye  passed  readily  into 
leaves,  even  when  they  showed  clearly  defined 
marginal  and  interveinal  necrosis.  He  concluded 
that  necrosis  did  not  result  from  the  obstruction 
of  the  main  vascular  supply  of  the  leaf.  He  noted 
that  the  potential  water-conducting  capacity  of 
the  normal  secondary  xylem  cylinder  is  appar- 
ently considerably  in  excess  of  the  general  re- 
quirements of  the  plant.  A  transverse  incision 
that  severed  half  of  the  vascular  cylinder  of  the 
stem  caused  no  wilting  or  any  other  visible  phys- 
iological disturbance  of  the  plant  as  a  whole. 

The  vascular  bundles  of  petioles  of  a  resistant 
tomato  variety  were  less  readily  invaded  by  V. 
albo-atrum  (DM)  than  those  of  a  susceptible  va- 
riety (74).  In  sections  of  infected  stems  it  was 
observed  that  hyphae  in  infected  plants  passed 
freely  from  one  vessel  to  another  through  the  pit 


smaller  spores  were  associated  with  the  more 
common  1.3-/J.  light  mycelium,  whereas  the 
larger  spores  were  associated  with  the  dark  4-ju, 
mycelium.  Reinke  and  Berthold  (443)  observed 
two  distinct  mycelial  sizes  in  potatoes  as  well. 

Differences  between  the  varieties  in  the 
amount  of  fungus  development  prevailed  in  the 
xylem  vessels  in  the  upper  taproot  (195) .  In  both 
varieties  the  parenchyma  cells  adjacent  to  the 
vessel  elements  invaded  by  the  fungus  were  often 
darker  than  normal.  The  dark  color  was  partially 
due  to  a  gumlike  deposit  that  occupied  a  large 
portion  of  the  cell.  The  cell  wall  was  discolored 
to  tan  or  brown.  No  haustoria  were  observed 
within  the  parenchyma  cells;  however,  mycelia 
from  adjacent  vessel  elements  sent  peglike  pro- 
jections into  the  pit  chambers.  Sometimes  hy- 
phae appeared  to  extend  into  the  lumen  of  the 
parenchyma  cell.  More  tyloses  were  present  in 
inoculated  plants  than  in  similar  noninoculated 
plants. 

STEMS  AND  LEAVES 

regions.  Hyphae  were  also  found  to  enter  adja- 
cent xylem  parenchyma  cells,  but  did  not  spread 
beyond.  Beckman  (49)  found  Fusarium  spores 
distributed  throughout  vessels  up  to  323  mm. 
long  in  bananas.  The  passage  of  particles  was 
greater  in  a  susceptible  variety  than  in  two  re- 
sistant varieties,  suggesting  that  physical  bar- 
riers can  retard  the  advance  of  the  pathogen.  In 
other  papers  (4-7,  48)  concerned  with  the  same 
disease,  Beckman  found  that  passage  of  Fusar- 
ium spores  in  the  xylem  was  inhibited  by  a  gel- 
like material  as  well  as  by  tyloses.  Temporary  oc- 
clusion by  gels,  followed  by  continuous  occlusion 
by  tyloses,  accounts  for  the  greater  field  resist- 
ance of  some  banana  varieties. 

More  susceptible  varieties  had  continuity  of 
occlusion  by  gels  and  tyloses  at  higher  tempera- 
tures, but  not  at  lower  temperatures.  A  variety 
of  organisms  is  capable  of  inducing  vascular  dis- 
coloration and  occlusion  by  gels  and  tyloses.  Only 
F.  oxysporum  f.  cubense,  however,  has  the  ca- 
pacity to  disrupt  the  normal  sequence  of  protec- 
tive responses  in  the  host  and  is  therefore  patho- 
genic to  susceptible  banana  plants.  Chambers 
and  Corden  (1 20) ,  on  the  other  hand,  found  that 
vessels  with  plugs  of  resinous  material  were  very 
rare  in  tomatoes  with  Fusarium  wilt.  Distortion 
and  collapse  of  newly  formed  xylem  vessels  oc- 
curred in  all  diseased  plants  in  advance  of  the 
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pathogen.  They  suggested  a  relationship  between 
the  extent  of  vessel  collapse  and  vascular  dys- 
function. 

Verticillium  spores  moved  to  the  top  of  cotton 
plants  averaging  115  cm.  in  height  in  24  hours 
following  immersion  in  a  spore  suspension 
(432) .  The  vessels  of  the  lower  hypocotyl  region 
of  stems  of  cotton  varieties  were  often  void  or 
nearly  void  of  mycelia  or  spores  (195) ,  although 
to  a  lesser  extent  in  'Deltapine  15'  than  in  more 
tolerant  'Acala  4-42'.  In  some  cases,  with  either 
variety,  the  void  area  was  higher  in  the  hypo- 
cotyl region  of  the  stem.  Even  though  the  xylem 
vessels  of  upper  roots  were  thoroughly  colonized, 
it  is  important  that  there  was  no  direct  mycelial 
connection  with  the  fungus  parts  found  in  sec- 
tions of  the  hypocotyl. 

The  greatest  fungus  concentration  in  young 
cotton  was  found  at  the  cotyledonary  node 
(195).  In  this  area  vessel  members  were  ob- 
served to  be  full  of  free-floating  spores  within 
1  week  after  inoculation.  The  spores  had  no  visi- 
ble mycelial  connection  and  may  have  been 
formed  in  some  lower  vessel  member  and  pas- 
sively carried  by  the  xylem  fluid  into  the  area. 
Movement  from  one  vessel  member  to  another 
presented  no  particular  problem  since  openings 
between  these  members  were  quite  large.  De- 
pending on  the  size  of  the  vessel,  they  were  25 
to  50  [x  in  diameter.  In  some  cases  spores  were 
concentrated  at  the  end  of  a  vessel.  These  spores 
were  capable  of  germination,  and  the  germina- 
tion tubes  sometimes  penetrated  the  end  wall  of 
the  vessel  into  the  next  vessel.  'Deltapine  15' 
xylem  had  a  greater  concentration  of  mycelia 
and  spores;  however,  'Acala  4-42'  xylem  was 
colonized  by  the  fungus  more  in  this  area  than  in 
any  lower  part  of  the  plant.  Colonization  of  the 


xylem  intensified  in  the  stem  portions  above  the 
cotyledons.  Free-floating  spores,  some  with 
short  germination  tubes,  were  commonly  pres- 
ent. The  two  mycelial  sizes  with  accompanying 
spores  observed  in  lower  parts  of  the  plant  were 
commonly  present  in  adjacent  vessels,  but  not 
in  the  same  vessel. 

A  high  proportion  of  the  xylem  vessels  in  the 
petiole  of  the  first  true  leaf  of  the  susceptible 
variety  'Deltapine  15'  was  invaded  by  the  fungus 
(195).  Some  vessels  were  literally  packed  with 
mycelia,  whereas  others  were  filled  with  gumlike 
material.  In  many  sections  virtually  every  vessel 
was  invaded  by  mycelia  and  every  adjacent  par- 
enchyma cell  was  discolored  and  filled  with  gum- 
like material.  In  other  petioles,  vessels  of  some 
bundles  were  not  invaded  and  had  little  discolor- 
ation, whereas  those  from  other  bundles  were 
entirely  affected.  'Acala  4-42'  petioles  had  a 
number  of  discolored  vessels,  but  less  mycelia  in 
the  vessels  and  considerably  less  discoloration  of 
xylem  parenchyma  than  'Deltapine  15'. 

At  the  juncture  of  the  petiole  and  leaf  lamina 
the  main  vascular  bundles  of  the  petiole  separate 
as  the  main  veins  of  the  leaf.  The  fungus  invaded 
the  vessels  of  the  main  veins  (195).  Discolored 
vascular  bundles  invariably  contained  the  fun- 
gus in  some  of  the  vessel  elements.  Most  of  the 
vessel  elements  in  discolored  bundles  of  'Delta- 
pine 15'  were  invaded,  and  some  contained  the 
gumlike  material  mentioned  earlier.  'Acala  4-42' 
bundles  were  affected  similarly,  but  usually  not 
as  extensively  or  intensively.  The  fungus  was 
observed  in  the  smallest  veins  of  the  leaf  blade, 
but  rarely  found  within  the  parenchyma  of  the 
leaf  even  when  discoloration  of  these  cells  was 
quite  pronounced. 


SYMPTOM  DEVELOPMENT 


Rudolph  found  that  as  long  as  potato  petioles 
were  green  V.  albo-atrum  (MS)  was  found  only 
in  the  xylem  (460) .  In  plants  with  severe  disease 
symptoms  the  pith,  cambium,  and  cortex  were 
invaded.  In  the  leaves  infection  was  often  con- 
fined to  a  single  lobe,  but  in  other  instances  in- 
volved the  entire  leaf.  The  amount  of  mycelia  in 
the  vessels  of  a  plant  was  not  indicative  of  the 
severity  of  symptoms. 

Sewell  (502)  noted  a  marked  time  difference 
between  wilting  of  hop  plants  after  root  inocu- 
lation with  V.  albo-atrum  (DM)  and  the  rapid 
dispersal  of  the  pathogen  within  mature  xylem 


vessels.  He  concluded  that  the  long  time  interval 
reflects  the  comparatively  long  time  for  the  path- 
ogen to  colonize,  by  slow  mycelial  growth,  the 
extra  vascular  tissue  of  the  root  and  also  the 
closed  xylem  systems  of  the  root  tip  and  leaf 
petiole.  In  this  case  the  root  would  be  the  deter- 
minative factor  in  the  hop  wilt  syndrome. 

Talboys  (538)  found  that  acute  symptoms  of 
Verticillium  wilt  of  hop  were  usually  associated 
with  intense  mycelial  colonization  of  the  xylem 
and  intense  tylosis  accompanied  by  a  prolonged 
or  renewed  cambial  activity  leading  to  xylem  hy- 
perplasia. In  the  acute  syndrome,  development 
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of  marginal  and  interveinal  necrosis  of  the  leaves 
accompanies  mycelial  colonization  of  the  leaf 
trace.  No  mechanical  obstruction  of  the  vessel 
occurred.  In  the  mild  syndrome  sectorial  necrosis 
of  leaves  is  generally  associated  with  the  pres- 
ence of  tyloses  in  those  vessels  that  would  norm- 
ally supply  the  necrotic  regions.  Mycelial  masses 
did  not  block  the  vessels,  and  mechanical  obstruc- 
tion alone  probably  is  not  responsible  for  the 
death  of  tissues.  General  chlorosis  of  the  leaves, 
which  invariably  precedes  necrosis,  is  charac- 
terized by  chloroplast  degradation  in  the  pali- 
sade and  mesophyll  layers.  Although  the  chloro- 
plasts  may  completely  disappear,  the  cells  remain 
fully  turgid,  and  their  nuclei  appear  to  be  norm- 
al. Brown  granular  masses  completely  fill  the 
mesophyll  cells  adjacent  to  the  terminal  vascular 
elements.  Subsequently,  parenchyma  cells  some 
distance  from  the  terminal  vascular  elements  de- 
generate. The  appearance  of  the  tissue  suggests 
that  failure  of  water  transport  to  the  more  re- 
mote cells  has  been  caused  by  a  dysfunction  of 
the  cells  adjacent  to  the  vessel  ends.  Talboys  con- 
cluded that  in  either  the  acute  or  mild  syndrome 
necrosis  of  leaf  tissue  results  from  a  toxigenic 
action  of  the  pathogen. 

Inoculated  tomato  plants  resistant  to  Verticil- 
lium  wilt  remained  green  much  longer  and  were 
taller  than  uninoculated  controls  {71+).  Inocu- 
lated susceptible  plants  became  chlorotic  much 
more  rapidly  than  uninoculated  plants,  and  the 
differences  were  greater  than  those  among  toler- 
ant plants.  Pronounced  epinasty  of  leaf  petioles 
of  inoculated  plants,  although  it  did  occur,  was 
not  a  prominent  symptom  of  diseased  plants. 
Even  though  disease  symptoms  developed  slowly 
in  inoculated  plants,  the  fungus,  by  comparison, 
spread  very  rapidly.  Fourteen  days  following 
inoculation  the  fungus  was  found  to  a  height  of 
40  cm.  in  both  susceptible  and  resistant  plants. 
In  the  susceptible  plants  the  fungus  and  the  vas- 
cular browning  developed  almost  immediately  in 
the  petioles,  following  the  spread  of  the  fungus 
in  the  stem.  In  contrast,  the  petioles  of  lower 
leaves  of  resistant  plants  were  less  readily  in- 
vaded, and  the  upper  petioles  remained  free 
from  fungus  and  vascular  browning.  Diamond 
and  Edgington  (153)  explained  successive  wilt- 
ing of  tomato  leaves  up  the  stems  of  plants  with 
Fusarium  wilt  on  hydraulic  principles.  They  sug- 
gested that  the  Fusarium  fungus  invades  the 
vascular  system  of  the  stem,  secreting  plugging 
agents  into  vascular  bundles.  The  main  stem  bun- 


dles are  large  and  form  a  network  of  bypasses 
so  that  even  though  50%  of  the  effective  radius 
of  the  stem  is  plugged,  only  a  3%  pressure  in- 
crease will  maintain  the  same  waterflow  as  in  a 
healthy  plant.  Petiole  bundles,  on  the  other  hand, 
have  no  bypasses,  and  if  50%  of  the  bundles  are 
plugged,  the  pressure  must  be  increased  1,600% 
for  undiminished  flow  to  leaf  tissue.  Thus,  even 
though  waterflow  up  the  stem  is  relatively 
steady,  associated  leaf  tissue  may  wilt.  In  the 
vascular  system  the  specific  conductance  of  the 
transport  channels  becomes  smaller  from  the 
base  of  the  stem  toward  the  apex  and  into  the 
shoots  and  petioles  (152). 

Chambers  and  Corden  (120),  working  with 
Fusarium  wilt  of  tomato,  concluded  that,  al- 
though individual  vessels  may  be  severely  oc- 
cluded by  hyphal  growth,  plugging  is  not  dis- 
tributed widely  enough  among  the  vessels  to  ac- 
count adequately  for  vascular  dysfunction.  They 
found  that  vascular  discoloration  preceded  ex- 
ternal disease  symptoms  and  that  it  is  present  in 
the  upper  portions  of  the  plant  before  extensive 
mycelial  development  occurs  in  this  region.  They 
found  collapsed  or  distorted  vessels  in  the  stems 
and  petioles  of  all  infected  plants.  Collapsed  ves- 
sels were  irregularly  shaped  and  in  severe  cases 
the  opposing  walls  were  in  contact,  constricting 
the  cell  lumen.  Vessel  collapse  was  found  in  sev- 
eral or  all  of  the  vascular  bundles  of  the  stem. 
Vessel  collapse  occurred  in  advance  of  the  patho- 
gen and  frequently  was  the  only  disease  symptom 
in  the  terminal  portion  of  wilted  leaflets.  They 
suggest  that  vessel  collapse  is  probably  caused 
by  fungal  or  host  metabolites  that  are  translo- 
cated ahead  of  the  pathogen  and  that  exert  their 
effect  on  the  host  before  other  vascular  symp- 
toms of  the  disease  are  evident.  In  attempting  to 
correlate  the  vascular  and  foliar  symptoms  of 
this  disease,  these  workers  found  no  association 
between  the  specific  type  of  vascular  symptom 
and  the  specific  type  of  foliar  symptom.  There 
was  an  association  between  the  severity  of  vascu- 
lar and  foliar  symptoms.  Epinasty  occurred 
early  in  the  syndrome  when  all  vascular  symp- 
toms were  mild.  Yellowing,  on  the  other  hand, 
was  usually  associated  with  moderate  vascular 
symptoms,  and  wilting,  with  severe  vascular 
symptoms.  They  suggest  that  brown  deposits  as- 
sociated with  vascular  discoloration  may  play  a 
role  in  vascular  dysfunction  and  foliar  symptoms 
by  "waterproofing"  vessel  walls,  thus  prevent- 
ing lateral  movement  of  water.  If  water  could 
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not  enter  a  vessel  through  the  side  walls,  a  single 
occlusion  could  render  a  vessel  nonfunctional. 

Beckman  et  al.  (47,  48)  reported  that  in  Fus- 
arium  wilt  disease  of  banana,  the  fungus  in  sus- 
ceptible plants  is  distributed  so  rapidly,  as  con- 
idia  within  the  vascular  system,  that  the  normal 
protective  responses  of  the  host  are  disrupted. 
Pathogenesis  was  prevented  when  gel  and  tylose 
formation  stopped  systemic  distribution  of  the 
fungus  spores.  In  susceptible  plants  early  break- 
down of  gel  plugs  and  delayed  tylose  formation 
permitted  systemic  distribution  of  the  pathogen. 
In  some  instances  the  rate  of  advance  by  spores 
was  17  times  or  more  the  rate  of  advance  by  hy- 
phae  (48).  They  found  no  evidence  of  growth 
inhibition  of  Fusarium  hyphae  in  resistant  ba- 
nanas. 

In  cotton  leaves  showing  external  symptoms 
of  Verticillium  wilt,  one  or  more  of  the  main 
veins  at  the  leaf  blade-petiole  juncture  was  dis- 
colored (195).  Discolored  vascular  bundles  in- 
variably contained  the  fungus  in  some  of  the 
vessel  elements.  Vessel  elements  of  leaf  blade- 
petiole  junctures  of  'Deltapine  15'  were  more  ex- 
tensively and  intensively  invaded  than  those  of 
'Acala  4-42'.  Some  vessels  contained  the  gum- 
like material  found  in  lower  parts  of  the  plants. 

The  leaf  blade  and  petiole  are  the  first  portions 
of  the  cotton  plant  to  express  visible  symptoms 
of  Verticillium  wilt.  The  petiole  or  leaf  blade 
sometimes  droops  temporarily  as  the  first  visi- 
ble sign  of  the  onset  of  disease,  but  this  symptom 
is  not  always  detected.  More  commonly,  diseased 
plants  will  become  evident  because  of  the  definite 
dark-green  appearance  of  their  leaves.  Usually, 
every  leaf  is  affected  by  this  symptom  on  severe- 
ly diseased  plants.  The  dark-green  phase  does 
not  persist,  and  the  first  symptom  that  clearly 
distinguishes  affected  plants  is  a  light-yellow 
area  between  the  larger  veins  of  the  leaf  blade. 


If  the  disease  is  mild,  these  areas  may  remain 
relatively  confined,  but  with  more  severe  disease 
development  they  enlarge  and  coalesce.  Some- 
times, half  the  leaf  blade  will  be  chlorotic,  where- 
as the  other  half  is  apparently  unaffected.  The 
fungus  was  readily  isolated  from  the  chlorotic 
side  of  the  leaf  and  sometimes  from  the  other 
half  as  well  (195).  A  portion  of  the  xylem  ves- 
sels from  the  discolored  areas  contained  the  fun- 
gus, but  it  was  rarely  observed  in  the  parts  of  the 
leaf  not  showing  chlorosis.  Spores  and  mycelia 
were  observed  in  the  smallest  veins  of  the  leaf 
blade.  In  one  case  the  spores  were  within  these 
veins  4  days  following  inoculation  (195).  The 
fungus  was  rarely  seen  within  the  parenchyma 
of  the  leaf,  even  when  discoloration  of  these  cells 
was  quite  pronounced.  In  the  field  Verticillmm 
can  be  isolated  from  many  plants  without  ex- 
ternal symptoms  of  the  disease  (197).  In  fact, 
by  harvesttime  the  fungus  was  present  in  almost 
every  plant,  both  with  and  without  symptoms  of 
disease.  The  fungus  was  isolated  from  most 
plants  and  plant  parts  with  vascular  discolor- 
ation. Plants  with  foliar  symptoms  had  slightly 
more  vascular  discoloration  than  plants  without 
symptoms.  Some  vascular  tissue  of  almost  every 
plant  part  examined  was  discolored.  All  suscep- 
tible plants  with  external  disease  symptoms  had 
vascular  discoloration.  A  higher  level  of  vascular 
discoloration  was  present  in  susceptible  than  in 
tolerant  plants.  Verticillium  penetrated  tolerant 
'Acala  4-42'  and  susceptible  'Deltapine  15'  to  a 
similar  extent,  but  was  unable  to  colonize  the 
xylem  of  the  tolerant  plants  readily  above  the 
point  of  penetration  (195).  Conidial  production 
was  correspondingly  low,  and  therefore  few  sec- 
ondary infections  were  initiated.  Colonization  of 
the  xylem  of  'Deltapine  15'  was  more  extensive 
and  intensive,  more  conidia  were  released  into 
the  xylem  stream,  and  more  numerous  secondary 
infection  sites  developed. 
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EFFECTS  OF  ENVIRONMENT 
ON  THE  PATHOGEN 
AND  THE  DISEASE 


By  L.  A.  Brinkerhoff- 


The  environment  plays  a  critical  role  in  the 
development  of  a  plant  disease.  The  pathogen, 
the  host,  and  numerous  host-pathogen  interac- 
tions are  affected  by  the  climatic,  edaphic,  and 
biotic  factors  comprising  the  environment.  Ver- 
ticillium  wilt  is  especially  sensitive  to  temper- 
ature. The  severity  of  the  disease,  its  buildup  in 
different  seasons,  and  the  ultimate  distribution 
of  the  pathogen  appear  to  be  closely  linked  with 
temperature. 

Possibly  other  environmental  factors  are 
equally  critical,  but  if  so  these  have  yet  to  be 


elucidated.  Consequently,  approximately  one- 
half  of  this  review  will  be  concerned  with  the  in- 
fluence of  temperature  on  the  growth  and  sur- 
vival of  the  pathogen  and  on  development  of  the 
disease  in  both  susceptible  and  resistant  hosts. 
The  influence  of  moisture  and  other  climatic 
factors  will  also  be  considered,  as  will  the  in- 
fluence of  biotic  factors  on  the  growth  and  sur- 
vival of  the  pathogen  in  the  soil  and  on  disease 
development  in  the  host.  The  effects  of  inorganic 
soil  fertilizers,  crop  rotation,  plant  spacing,  and 
other  agronomic  practices  on  control  of  the  dis- 
ease are  discussed  elsewhere  in  this  proceedings. 


TEMPERATURE 


As  early  as  1920  Edson  and  Shapavalov 
(162) 3  demonstrated  differences  in  growth  at 
25°  and  30°  C.  of  Verticillium  isolates  obtained 
from  Maine  potato  and  from  West  Virginia  egg- 
plant. The  authors  suggested  that  a  northern  and 
a  southern  strain  of  the  fungus  existed  and  that 
the  southern  strain  tolerated  higher  tempera- 
tures. The  West  Virginia  isolate  produced  abun- 
dant microsclerotia,  whereas  microsclerotia 
were  "practically  absent"  in  the  isolate  from 
Maine.  Presumably,  these  investigators  were 
working  with  what  is  now  recognized  by  many 
plant  pathologists  as  the  microsclerotial  (MS) 


1  Cooperative  investigation  of  the  Agricultural  Re- 
search Service,  U.S.  Department  of  Agriculture,  and  the 
Oklahoma  Agricultural  Experiment  Station,  Stillwater, 
Okla. 

2  Formerly,  research  plant  pathologist,  Oklahoma- 
Texas  Area,  Southern  Region,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Department  of 
Botany  and  Plant  Pathology,  Oklahoma  State  Univer- 
sity, Stillwater,  Okla.  74074.  Now,  research  professor, 
Langston  University,  Langston,  Okla.,  and  Oklahoma 
State  University. 

3  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 


form  and  the  dark-mycelial  (DM)  form  of  Verti- 
cillium albo-atrum  Reinke  &  Berth.  Many  other 
plant  pathologists,  on  the  other  hand,  now  recog- 
nize the  MS  form  as  V.  dahliae  Kleb.  and  the  DM 
form  as  V.  albo-atrum.  To  avoid  confusion  in  this 
review,  MS  and  DM  will  be  used  instead  of 
species  designations. 

Maximum  Temperatures  for  Growth 

A  number  of  investigators  (161,162,  273,  337, 
344,  452, 517)  have  shown  that  the  MS  form  will 
grow  in  culture  at  higher  temperatures  than  the 
DM  form.  In  most  instances  growth  comparisons 
have  been  made  on  potato  dextrose  agar  (PDA) . 
The  studies  of  Martinson  and  Englander  (344) 
illustrate  differences  in  growth  of  MS  and  DM 
cultures.  Colonies  of  29  MS  isolates  all  averaged 
between  3  and  4  cm.  in  diameter  after  16  days  at 
30°  C,  whereas  60  DM  isolates  averaged  less 
than  1.5  cm.  All  DM  isolates  failed  to  grow  at 
33°  C.  or  made  only  a  trace  of  growth.  On  the 
other  hand,  growth  of  MS  isolates  averaged  1  to 
2  cm.  in  diameter  at  33°  C.  Comparable  results 
were  obtained  with  cultures  from  single  germi- 
nated conidia;  MS  isolates  formed  colonies  at  30° 
and  33°  C,  but  few  DM  cultures  grew  at  30°  and 
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none  at  33°  C.  (Single  conidia  had  been  germi- 
nated at  a  lower  temperature  and  then  trans- 
ferred to  the  higher  temperatures.)  Other  tem- 
perature studies  (66.  95,  1U,  232,  296,  352,  399, 
U5,  591)  with  the  MS  form  appear  to  be  essen- 
tially in  agreement  with  the  results  of  Martin- 
son and  Englander  (3U) ,  and  studies  reviewed 
by  Rudolph  (460)  and  Nelson  (399)  are  also  es- 
sentially in  agreement. 

Optimum  and  Minimum  Temperatures 
for  Growth 

Cultures  on  PDA  grow  well  between  15°  and 
24°  C.  (DM  form)  and  15°  and  28°  C.  (MS 
form) .  Reported  optimum  and  minimum  temper- 
atures for  growth  are  given  in  table  1.  Optimum 
growth  of  DM  isolates  occurs  between  22.0°  and 
24.0°  C.  and  for  MS  isolates  between  18.0°  and 
26.0°  C.  in  cultures  from  a  number  of  different 
hosts  from  widely  separated,  geographically  dif- 
ferent regions.  Generally,  growth  of  wild-type 
isolates  of  DM  falls  off  sharply  above  23°  to  24° 
C.  and  MS  above  28°  to  29°  C.  Genetic  differ- 
ences in  temperature  requirements  for  strains, 
however,  probably  exist  within  the  DM  and  MS 
forms.  For  example,  Ludbrook  (337)  found  one 


MS  isolate  to  have  optimum  growth  at  28°  C., 
and  Berry  and  Thomas  (66)  studied  two  MS  iso- 
lates with  optimum  growth  at  27.5°  C. 

Growth  of  either  DM  or  MS  isolates  in  the 
minimum  temperature  range  has  not  been  as 
critically  ovaluated  as  in  the  optimum  or  maxi- 
mum range.  Differences  from  4.4°  to  approxi- 
mately 10.0°  C.  have  been  reported  after  7  to  15 
days  of  incubation  (table  1). 

Temperature  Range  for  Conidial  and 
Microsclerotial  Germination  and 
Production 

Bell  and  Presley  (60)  found  that  an  MS  iso- 
late from  cotton  produced  the  greatest  number 
of  conidia  on  PDA  at  20°  to  25°  C.  The  rate  of 
conidial  production  was  considerably  reduced  at 
15°  and  30°  C.,  and  no  conidia  were  produced  at 
5°  and  35°  C.  during  a  7-day  incubation. 

Differences  in  temperature  requirements  for 
conidial  germination  were  shown  for  different 
MS  strains.  Wyllie  and  DeVay  (615)  found  that 
a  nondefoliating  MS  cotton  strain,  SS4  (489), 
failed  to  germinate  at  33°  C.,  while  a  defoliating 
MS  strain,  T9,  germinated.  Although  the  two  MS 
strains  had  similar  growth  curves,  except  in  the 


Table  1. — Optimum  and  minimum  temperatures  for  the  growth  of  dark- 
mycelial  and  microsclerotial  forms  of  V erticillium  on  potato  dextrose  agar 


Host 

Temperatures  in  °  C. 

Reported  by — 

Optimum  Minimum 

DM  CULTURES 

Tomato 

J22.3  4.4 

Bewley  (67). 

Do 

22.5  4.5 

Isaac  (273). 

Potato,  others 

22.0   

Ludbrook  (337). 

Potato   

22.0  

Edgington  and  Walker  (161). 

Do     

22.0-24.0 

Robinson  et  al.  (452). 

MS  CULTURES 

Eggplant,  others 

22.0 

Ludbrook  (337). 

Eggplant,  rose,  others 

'18.0-24.0          '3.0-  6.0 

Mujica  (379). 

Eggplant 

21.0-24.0  8.0 

Richardson  (445). 

Potato 

20.0-24.0 

Robinson  et  al.  (452). 

Potato  chrysanthemum 

22.5-25.0  5.0 

McKeen  (352). 

Tomato,  sainfoin 

22.5  4.5 

Isaac  (272,273). 

Tomato,  cotton   

24.0 

Edgington  and  Walker  (161). 

Cotton   

22.0 

Barducci  and  Rada  (34). 

Do  

22.5  5.0 

Leyendecker  (329). 

Do   

21.0-24.0  12.0 

Halisky  et  al.  (232). 

Do 

22.0-25.0  5.0 

Brinkerhoff  (95). 

Pepper,  others   

24.0  9.0 

Kendrick  and  Middleton  (296). 

Mint 

24.0-26.0  6.0-10.0 

Nelson  (399). 

Do  

22.5-25.0  6.0 

Berry  and  Thomas  (66). 

Maple 

23.0-25.0           5.0-  8.0 

Caroselli  (114). 

1  May  have  included  both  DM  and  MS  cultures. 
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maximum  temperature  range,  T9  produced  twice 
the  number  of  conidia  after  80  hours  of  incuba- 
tion. The  T9  strain  also  germinated  more  rapid- 
ly at  21°,  24°,  27°,  and  30°  C. 

Heale  and  Isaac  (247)  found  that  the  resting 
structures  of  both  DM  and  MS  forms  were  pro- 
duced in  culture  over  the  same  range  of  tempera- 
tures as  that  permitting  normal  mycelial  growth. 
Similarly,  I  (95)  found  comparable  microsclero- 
tial  development  on  PDA  and  in  naturally  in- 
fested cotton  leaves  over  a  wide  range  of  tem- 
peratures with  a  single  conidial  MS  isolate  from 
cotton.  Microsclerotial  production  was  rapid  and 
abundant  from  18°  to  28°  C,  but  was  reduced  at 
30°  and  between  5°  and  15°  C.  At  the  lower 
temperatures  the  microsclerotia  tended  to  be 
round;  at  28°  to  30°  C.  they  were  elongated  or  in 
some  instances  in  single  chains  of  rounded, 
thickened  cells.  Microsclerotia  were  not  pro- 
duced at  32°  C;  at  5°  C.  none  was  initially  pro- 
duced, but  after  30  days  some  had  developed. 

Microsclerotial  development  on  PDA  was 
much  reduced  or  absent  at  30°  to  35°  C.  in  stud- 
ies of  MS  isolates  from  mint  by  Nelson  (399) 
and  from  cotton  by  Halisky  et  al.  (232)  and  my- 
self (95).  Leyendecker  (329),  however,  re- 
ported only  a  thick  microsclerotial  crust  and  no 
mycelium  at  30°  C.  on  PDA  and  abundant  micro- 
sclerotia at  25°  and  20°  C,  but  only  hyphae  were 
produced  at  15°  and  10°  C.  On  the  other  hand, 
Wilhelm  (591) ,  Zentmyer  (625) ,  Robinson  et  al. 
(452) ,  and  Caroselli  (114)  observed  a  marked 
reduction  in  microsclerotia  above  approximately 
25°  C,  or  above  optimum  temperatures  for 
growth  of  the  mycelium.  These  marked  differ- 
ences in  temperature  requirements  for  micro- 
sclerotial formation  may  indicate  genetic  differ- 
ences in  wild-type  isolates. 

Lethal  Temperature  Range 

The  hyphae  and  conidia  of  two  MS  isolates 
were  killed  after  5  minutes  in  water  at  47°  C.  in 
tests  by  Nelson  and  Wilhelm  (397).  However, 
V erticillium-mfected  cuttings  of  rose  and  pelar- 
gonium failed  to  root  after  similar  treatment. 
Four  minutes  at  about  53°  C.  was  required  to  kill 
young  hyphae  and  55°  C.  to  kill  microsclerotia  in 
tests  by  Miller  and  Stoddard  (367).  Dormant 
strawberry  runner  plants  survived  53°  C,  but 
the  authors  concluded  that  heat  would  be  of 
doubtful  value  in  treating  infected  plants. 

Microsclerotia  survived  in  a  dry  atmosphere 
for  6  months  at  49°  to  50°  C.  (397),  but  under 


the  same  conditions  conidia  were  viable  for  less 
than  3  days.  At  40°  C.  microsclerotia  survived 
for  30  months  in  a  dry  atmosphere  (397) . 

Studies  indicate  that  the  fungus  is  killed  in 
infected  stems  and  branches  of  woody  plants  by 
high  summer  temperatures  characteristic  of 
desert  or  semidesert  climates.  Among  hosts  in 
which  this  phenomenon  has  been  reported  are 
apricot  (54-6),  avocado  (625),  olive  (609),  and 
cotton  (1 97  and  author's  unpublished  research) . 

Influence  of  Temperature  on  Disease 
Development 

Most  studies  of  the  effect  of  temperature  on 
disease  development  are  in  close  agreement  con- 
cerning MS  isolates.  These  temperature-disease 
relationships  appear  to  hold  true  for  a  surprising 
number  of  diverse  plant  hosts.  For  MS  isolates 
some  of  these  hosts  are  eggplant  (445, 337 , 352) , 
tomato  (161,  273),  sainfoin  (272),  pepper 
(296),  guayule  U96),  apricot  (546),  olive 
(609),  avocado  (625),  maple  (lib),  mint 
(66,  181,  399),  potato  (337,  452),  peach  (352), 
rose  (352),  muskmellon  (352),  raspberry 
(352),  tobacco  (356),  chrysanthemum  (352), 
strawberry  (541) ,  and  castorbean  (93) ;  for  DM 
isolates,  tomato  (67,  273),  potato  (452),  hop 
(544),  and  alfalfa  (308). 

Temperature  affects  disease  development  in 
various  ways.  Ludbrook  (337)  found  that  an  MS 
culture  produced  wilt  in  eggplant  at  soil  temper- 
atures of  12°  to  30°  C,  but  not  at  32°  C.  when 
air  temperatures  were  held  between  19°  and 
23°  C.  When  air  temperatures  were  raised  be- 
tween 28°  and  31°  C,  no  disease  developed  at  soil 
temperatures  above  28°  C.  and  disease  symptoms 
were  mild  between  22°  and  28°  C.  Richardson 
(4-45)  reported  similar  results  for  eggplant. 
With  DM  isolates  Bewley  (67)  found  the  range 
for  tomato  wilt  to  be  15°  to  24°  C.  for  air  tem- 
peratures with  the  optimal  range  between  21° 
and  23°  C.  He  obtained  control  of  the  disease 
when  greenhouse  temperatures  were  above  25° 
C.  Edgington  and  Walker  (161)  found  that  a 
DM  isolate  produced  marked  symptoms  on  to- 
mato plants  at  soil  temperatures  of  20°  or  24° 
C.  combined  with  air  temperatures  of  16°,  20°, 
or  24°  C,  but  not  at  an  air  temperature  of  28°  C. 
When  the  soil  temperature  was  28°  C,  no  disease 
occurred  at  28°  C.  air  temperature,  and  the  dis- 
ease was  mild  at  air  temperatures  of  16°,  20°, 
and  24°  C.  An  MS  isolate  (161 )  that  was  patho- 
genic to  tomato  incited  marked  symptoms  at  all 
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of  the  foregoing  combinations  of  soil  and  air 
temperatures,  and  two  MS  cotton  isolates  (161 ) 
incited  severe  disease  symptoms  in  cotton  at  air 
and  soil  temperatures  of  28°  C.  An  evaluation 
(161)  of  the  effect  of  soil  and  air  temperature 
showed  each  factor  had  a  significant  effect,  but 
soil  temperature  was  more  influential.  A  statis- 
tical analysis  showed  no  interaction  between  soil 
and  air  temperature,  indicating  that  either 
factor  was  consistent  in  its  influence  at  all  levels 
of  the  other  factor.  Kendrick  and  Middleton 
(296)  inoculated  hot  and  sweet  peppers  with  MS 
isolates  from  12  different  hosts,  but  only  the 
pepper  isolates  were  pathogenic.  At  24°  C.  air 
temperature  the  disease  was  severe  at  soil  tem- 
peratures of  15°  to  30°  C.  and  very  mild  at  35°  C. 
Nelson  (399)  concluded  after  25  years  of  field 
observations  in  Michigan  that  Verticillium  wilt 
of  mint  was  most  severe  in  hot,  dry  seasons.  Just 
the  opposite  has  been  observed  for  cotton  in 
Arkansas  (620) ,  where  the  cool,  wet  seasons  for 
that  State  are  most  favorable  for  disease  develop- 
ment. A  comparison,  however,  shows  that  mean 
air  temperatures  for  June  through  August  in  the 
hot  seasons  in  Michigan  (21.0°-24.5°  C.)  are 
somewhat  lower  than  those  during  the  same  pe- 
riod during  the  "cool"  seasons  in  Arkansas 
(24.0°-25.5°)  (399,  620) .  In  tests  in  soil-temper- 
ature tanks  Nelson  (399)  found  that  soil  temper- 
atures of  24°  to  26°  C.  were  optimal  for  disease 
development  in  mint  when  the  air  temperature 
was  22°  C. 

Barducci  (32)  reported  22°  C.  to  be  optimal 
for  development  of  Verticillium  wilt  in  Peruvian 
cotton.  In  field  studies  in  New  Mexico,  Leyen- 
decker  (329)  showed  that  the  temperature  at  the 
15-cm.  soil  depth  varied  from  21°  C.  for  flat 
planting  to  27°  C.  for  raised  cantaloup-type  seed- 
beds; the  incidence  of  wilt  was  61%  and  44%, 
respectively.  Significant  yield  increases  were  ob- 
tained from  the  raised  seedbeds.  Comparable  dif- 
ferences, however,  in  soil  temperature  or  disease 
control  in  the  same  kinds  of  seedbeds  were  not 
obtained  in  tests  in  the  Mississippi  Delta  of 
Arkansas  (620) .  This  was  probably  because  soil 
temperatures  were  affected  differently  by  cli- 
mate in  the  two  areas.  Young,  Fulton,  and  Wad- 
dle (620)  showed  by  correlating  disease  develop- 
ment with  temperature  in  the  field  that  the  criti- 
cal mean  air  temperature  for  Verticillium  wilt 
of  cotton  during  the  summer  months  was  ap- 
proximately 27°  C.  The  incidence  of  wilt  ap- 
proached 100%  in  the  1950  growing  season, 


which  was  unusually  cool  and  rainy.  Weekly 
mean  air  temperatures  averaged  1°  to  2°  below 
27°  C.  Conversely,  wilt  averaged  3%  in  the  1954 
growing  season,  which  was  unusually  hot  and 
dry.  Weekly  mean  air  temperatures  averaged  2° 
to  4°  above  27°  C. 

Halisky,  Garber,  and  Schnathorst  (232) 
found  that  the  incidence  of  Verticillium  wilt  of 
cotton  was  higher  at  20°  and  25°  C.  in  soil-tem- 
perature tanks  than  at  15°  and  30°  C.  Green- 
house air  temperatures  during  the  period  of  the 
tests  increased  from  a  mean  of  23°  C.  in  Febru- 
ary to  29°  C.  in  July  and  then  decreased  to  23°  C. 
in  November  ( 194,  232) . 

Host  Resistance 

Except  as  specifically  indicated,  the  following 
studies  were  made  with  the  MS  form  of  the  wilt 
fungus.  Temperature  has  a  marked  effect  on  the 
expression  of  different  levels  of  resistance  to 
Verticillium  wilt.  Berry  and  Thomas  (66)  dis- 
tinguished six  levels  of  resistance  in  different 
mint  species  and  hybrids  by  using  soil  temper- 
atures of  10°,  20°,  25°,  and  30°  C.  and  air  tem- 
peratures of  19°  to  26°  C.  Resistance,  tolerance, 
and  susceptibility  to  Verticillium  wilt  of  cotton 
were  differentiated  by  Samayoa  (470)  and 
Samayoa  et  al.  (471)  in  the  'Seabrook  Sea  Is- 
land' cultivar  of  Gossyirium  barbadense  L.  and 
several  Upland  cotton  cultivars  of  G.  hirsiitum 
L.  by  subjecting  stem-inoculated  plants  to  36°  C. 
in  the  day  and  18°  C.  at  night  for  4  to  7  days  and 
then  incubating  the  plants  at  29°  C.  in  the  day 
and  18°  C.  at  night.  Resistant  plants  that  were 
reinoculated  and  incubated  only  at  the  low  tem- 
peratures became  susceptible  (97). 

By  using  a  mean  soil  and  air  temperature  of 
28°  C.  in  the  greenhouse,  Abdel-Raheem  and 
Bird  (3)  distinguished  resistance  to  both  Verti- 
cillium and  Fusarium  wilts  in  stem-inoculated 
cotton.  Bell  and  Presley  (60)  found  that  both 
resistant  and  susceptible  strains  of  cotton  were 
susceptible  at  greenhouse  mean  air  temperatures 
of  22°  C.  and  resistant  at  32°  C.  At  25°  to  29°  C. 
susceptible  varieties  reacted  as  susceptible,  and 
resistant  varieties  as  resistant,  whereas  tolerant 
varieties  were  susceptible  at  25°  C,  tolerant  at 
27°  C,  and  resistant  at  29°  C.  Maximum  phyto- 
alexin  synthesis  occurred  at  27.5°  to  35.0°  C, 
and  the  rate  decreased  rapidly  below  27.5°  C. 
The  ratio  of  the  rate  of  phytoalexin  synthesis  to 
the  rate  of  conidial  production  increased  mark- 
edly from  20°  to  30°  C.  (60) . 
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In  studies  of  plants  grown  in  nutrient  solu- 
tions, I  found  that  the  expression  of  resistance 
and  tolerance  was  more  pronounced  when  inocu- 
lated plants  were  first  incubated  under  high 
temperatures  by  day  and  low  temperatures  by 
night  (470, 1+71)  and  then  held  at  lower  temper- 
atures than  when  plants  were  incubated  at  a  con- 
tinuous temperature  of  27°  C.  (60).  The  high 
day,  low  night  temperatures  do  not  favor  symp- 
tom expression,  but  apparently  accentuate  the 
expression  of  genetic  resistance.  This  expression 
in  turn  restricts  the  pathogen  and  the  disease 
when  the  plants  are  returned  to  favorable  tem- 
peratures. This  hypothesis  is  in  agreement  with 
Bell  (55),  who  found  that  rates  of  phytoalexin 
synthesis  are  related  directly  to  genetic  resist- 
ance for  1  to  4  days  after  inoculation  at  temper- 
atures that  favor  disease  development,  but  by  14 
days  after  inoculation  rates  of  phytoalexin  syn- 
thesis are  related  inversely  to  host  resistance. 

Barrow  (39)  was  able  to  differentiate  sharply 
between  tolerant  and  susceptible  'Acala'  strains 
of  cotton  by  inoculating  with  the  mild  SS4  race 
(489)  of  the  MS  form  of  Verticillium  and  incu- 
bating at  24.5°  C.  by  day  and  20.5°  C.  by  night. 
The  defoliating  Tl  race  (489)  incited  severe 
damage  to  both  cotton  strains  under  this  tem- 
perature regime.  The  extreme  sensitivity  of  Ver- 
ticillium hosts  to  temperature  was  demonstrated 
by  holding  SS4-inoculated  cotton  at  27°  C.  by  day 
for  3  days.  The  susceptible  plants  became  toler- 
ant. Takaes  and  Khoury  (535)  found  that  'Pima 
S2',  a  cultivar  derived  mainly  from  G.  barba- 
dense  L.  was  susceptible  at  soil  temperatures  of 
20°  to  23°  C,  whereas  'Deltapine  Smooth  Leaf 
(G.  hirsutum  L.)  was  susceptible  at  23°  to  25° 
C.  Generally,  G.  barbadense  tends  to  be  more  re- 
sistant than  G.  hirsutum  to  Verticillium  wilt. 

A  tolerant  strain  of  'Acala'  cotton  was  readily 
distinguished  from  a  susceptible  strain  in  a  cool 
summer  in  California  by  Garber  and  Presley 
(1 97) ,  but  differences  between  the  strains  could 
not  be  distinguished  in  a  warm  summer.  In  both 
summers  the  fungus  was  isolated  from  many 
symptomless  plants.  High  temperatures  appar- 
ently prevented  disease  development,  and  during 
a  prolonged  hot  period  the  fungus  apparently 
lost  viability,  as  indicated  by  a  marked  decline  in 
positive  isolations  (197). 

Talboys  and  Wilson  (54-4)  found  that  in  toler- 
ant varieties  of  hops  wilt  resistance  was  nega- 
tively correlated  with  mean  soil  temperature  at 
a  depth  of  20  cm.  from  mid-April  to  late  June  for 
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wilt  incited  by  the  DM  form.  During  the  15-year 
study  the  disease  was  severe  in  years  when  mean 
temperatures  at  20  cm.  were  between  12.5°  and 
13.0°  C.  and  much  reduced  when  mean  soil  temp- 
eratures were  14.5°  to  15.0°  C.  Resistant  varie- 
ties were  much  less  affected  than  tolerant  ones, 
whereas  the  susceptible  variety  was  severely  at- 
tacked over  the  entire  test  period,  including  the 
warmer  seasons.  These  studies  not  only  indicate 
that  temperature  is  a  critical  factor  in  the  epi- 
demiology of  Verticillium  wilt  of  hops,  but  also 
that  genetic  resistance  is  relatively  stable  under 
temperatures  that  favor  the  disease. 

In  contrast  to  the  studies  on  hops,  Talboys 
(51+1)  showed  that  Verticillium  wilt  of  straw- 
berries incited  by  the  MS  form  of  the  fungus 
was  more  severe  during  a  warm  summer  that 
produced  water  stress  and  that  under  these  con- 
ditions differences  in  virulence  of  isolates  of 
the  pathogen  could  be  shown  in  a  susceptible  cul- 
tivar, but  not  in  a  tolerant  or  resistant  cultivar. 
During  a  cool,  moist  season  when  symptoms  were 
less  pronounced,  differences  in  virulence  of  the 
pathogen  were  obscured.  Presumably,  the  dis- 
ease was  less  damaging  in  the  cool  season. 

Geographical  Distribution  of 
Verticillium  Wilt  of  Cotton 

Verticillium  wilt  of  cotton  was  first  reported 
in  the  United  States  in  1914  by  Carpenter  (117, 
118),  who  isolated  the  fungus  from  what  he 
termed  spontaneous  wilt  of  cotton  plants  in  rows 
adjoining  experimental  plots  at  Arlington,  Vir- 
ginia. It  was  not  until  15  to  25  years  later  that 
the  disease  began  to  attract  attention  across  the 
Cotton  Belt  (249,  355,  365,  394,  461,  503,  505, 
619) .  Verticillium  wilt  has  now  become  epidemic 
in  many  areas  and  is  ranked  as  one  of  the  major 
diseases  of  cotton  in  the  United  States.  A  survey 
by  Cotton,  Presley,  and  Darvish  (134)  shows 
that  the  disease  is  most  prevalent  where  cool 
summers  and  falls  prevail  along  the  northern 
part  of  the  Cotton  Belt  and  at  higher  elevations. 
Temperature  appears  to  play  a  significant  role 
in  the  buildup  of  the  disease.  Although  the  fun- 
gus has  been  isolated  from  the  warmer  areas  of 
the  Cotton  Belt  (134),  the  disease  has  not  be- 
come epidemic  in  cotton  in  these  areas.  A  report 
by  In  (269)  indicates  that  the  spread  of  the  dis- 
ease in  cotton  is  closely  correlated  with  temper- 
ature in  China.  At  average  temperatures  of  25° 
C.  the  incidence  was  high,  at  28°  C.  less,  and  at 
30°  C.  absent. 


Influence  of  Moisture  on  Survival  of  the 
Fungus  in  Soil 

Nadakavukaren  (386)  reported  that  micro- 
sclerotial  populations  were  rapidly  reduced  in 
flooded  soil  at  temperatures  from  5°  to  40°  C. 
In  unflooded  soils,  however,  temperature  ap- 
peared to  be  more  critical  than  moisture.  Sur- 
vival of  microsclerotia  in  soil  at  50%  to  75% 
water-holding  capacity  was  12  days  to  6  months 
at  30°  C,  3  to  35  days  at  40°  C,  and  more  than  6 
months  at  5°  to  15°  C.  (386) .  In  unsterilized  soil 
held  at  50%  water-holding  capacity  and  at  25° 
C,  Schreiber  and  Green  (496)  found  that  micro- 
sclerotia survived  for  more  than  82  weeks.  Prop- 
agules  consisting  of  mycelia  and  conidia  that 
were  incorporated  into  unsterilized  soil  main- 
tained as  for  the  microsclerotia  (496)  were 
viable  for  14  weeks,  but  not  for  21  weeks.  Green 
(211)  had  previously  shown  that  microscler- 
otia survived  more  than  82  weeks  in  both  steril- 
ized and  unsterilized  muck  soil,  but  that  mycelial- 
conidial  inoculum  did  not  persist  beyond  36 
weeks  in  unsterilized  muck. 

In  studies  reported  by  Menzies  (360)  micro- 
sclerotia were  not  viable  after  6  weeks  in  flooded 
soil.  He  attributed  the  cause  of  death  to  anaero- 
bic fermentation  and  demonstrated  that  micro- 
sclerotia were  also  killed  in  soil  at  15%  moisture 
capacity  when  placed  under  nitrogen  gas  for  3 
weeks. 

Influence  of  Moisture  on  Verticillium 
Wilt  Development 

Rudolph  (460),  Nelson  (399),  and  Caroselli 
(114)  reviewed  early  studies  and  concluded  that 
there  was  no  general  agreement  among  investi- 
gators in  regard  to  the  influence  of  soil  moisture 
on  Verticillium  wilt  development.  Some  studies 
indicated  that  the  disease  was  enhanced  by 
drought;  others  showed  it  to  be  more  severe  in 
wet  soils. 

Talboys  and  Wilson  (544),  in  the  long-term 
field  study  on  hops  referred  to  earlier,  showed 
that  wilt  severity  caused  by  the  DM  form  of  the 
fungus  increased  at  lower  temperatures,  but  that 
it  was  not  affected  by  rainfall.  Schneider  (495) , 
working  in  a  semidesert  climate,  found  that  the 
MS  form  infected  77%  of  guayule  plants  in  plots 
watered  weekly,  62%  in  plots  watered  every  2 
weeks,  42%  in  plots  watered  every  4  weeks,  and 
8%  in  unirrigated  plots.  The  soil  temperatures 


45  cm.  deep  in  the  plots  irrigated  weekly  were 
significantly  lower  than  those  in  the  other  plots. 
Schneider  (495)  concluded  that  the  fungus  was 
active  at  all  moisture  levels  above  the  wilting 
point.  Leyendecker  (329)  obtained  results  from 
field  irrigation  studies  on  cotton  similar  to  those 
of  Schneider  (495).  The  incidence  of  wilt  was 
32%  with  four  irrigations  during  the  growing 
season,  compared  to  48%  with  seven  irrigations, 
but  cotton  yields  were  higher  with  the  seven  irri- 
gations because  of  better  growth  of  the  plants. 
Heavy  irrigations  increased  wilt  in  cotton  in  the 
El  Paso  Valley  of  Texas  (334),  and  high  mois- 
ture levels  were  also  reported  to  increase  wilt  of 
potatoes  (452)  and  Ant hirrinum  (276). 

Plants  became  infected  over  a  wide  range  of 
soil  moisture  levels  in  greenhouse  tests  (329, 
337,  399).  Ludbrook  (337)  concluded  that  soil 
moisture  levels  between  45%  and  95%  water- 
holding  capacity  had  no  appreciable  effect  on 
eggplant  wilt;  on  the  other  hand,  Leyendecker 
(329)  found  that  disease  severity  in  cotton  in- 
creased with  increases  in  soil  moisture  from 
25%  to  85%.  Above  95%  for  eggplant  (337) 
and  85%  (329)  for  cotton  the  disease  was  re- 
duced. 

Drought  was  reported  to  favor  wilt  of  maples 
(114)  and  strawberries  (541).  Nelson  (399) 
showed  that  at  optimum  temperatures  for  dis- 
ease development  moisture  levels  of  70%  or 
100%  of  field  capacity  favored  severe  disease  of 
mint,  but  the  disease  was  markedly  less  at  80% 
to  85%  moisture.  In  the  field  (399)  the  disease 
was  destructive  to  mint  in  saturated  muck  soil, 
but  it  was  also  destructive  in  the  best  drained 
sections  of  the  same  fields.  As  previously  dis- 
cussed, epidemics  occurred  in  mint  in  dry  sea- 
sons (399),  but  this  effect  was  probably  con- 
founded with  temperature. 

The  field  studies  of  Young,  Fulton,  and  Wad- 
dle (620)  show  that  growing  seasons  of  high 
rainfall  and  below-normal  temperatures  favor 
epidemics  of  Verticillium  wilt  in  cotton.  How- 
ever, wilt  was  not  nearly  as  severe  during  sea- 
sons of  high  rainfall  and  normal  or  above-normal 
temperatures.  Verticillium  wilt  became  epidemic 
in  cotton  in  irrigated  plots  during  exceptionally 
cool,  dry,  fall  weather  (96,  568),  whereas  adja- 
cent unirrigated  plots  showed  almost  no  injury 
(96).  Parker  (407)  pointed  out  that  the  effect 
of  soil  moisture  on  the  infection  process  is  prob- 
ably different  from  its  effect  on  disease  develop- 
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ment.  He  based  his  hypothesis  on  the  fact  that 
the  disease  was  less  severe  in  dry  soil  in  Isaac's 
(276)  tests  in  which  inoculum  was  added  to  the 
soil  and  more  severe  in  dry  soil  in  Caroselli's 
(11 4)  tests  in  which  the  roots  were  already  in- 
fected. 


Dispersion  of  Inoculum  by  Running  Water 

Studies  of  Easton  et  al.  (158)  show  that  up  to 
15,000  viable  propagules  per  liter  were  carried  a 
distance  of  1  mile  in  waste  irrigation  water  from 
V  erticillhim-mf  ested  potato  fields. 


WIND 

The  occurrence  of  viable  propagules  as  dor- 
mant mycelia  and  chlamydospores  in  dry,  prev- 
iously infected  cotton  leaves  has  been  demon- 
strated (124).  The  infested  leaves  when  moist- 
ened are  capable  of  producing  abundant  micro- 
sclerotia  (64,  95,  175,  609).  Thus,  windborne 
leaves  probably  play  a  significant  role  in  dis- 
seminating the  wilt  pathogen,  at  least  locally. 

Airborne  viable  conidia  of  the  DM  form  of  the 


wilt  fungus  have  been  trapped  over  alfalfa,  over 
a  flower  garden,  and  in  house  dust  (140) .  These 
findings  indicate  that  windborne  conidia  may  be 
another  important  means  of  disseminating  the 
wilt  fungus.  The  question  as  to  whether  viable 
microsclerotia  per  se  are  disseminated  by  the 
wind  has  yet  to  be  determined,  but  Easton  et  al. 
(158)  trapped  over  100  viable  propagules  of  the 
fungus  per  gram  of  dust  at  6.1  meters  above  in- 
fested fields. 


LIGHT 


Green  light  inhibited  mycelial  growth  in  cul- 
ture (116),  and  red  light  and  darkness  stimu- 
lated microsclerotial  production  (116,  349).  In 
other  studies,  blue  light  inhibited  microsclerotial 
formation,  but  stimulated  conidial  production 
(289,  349) .  Conidial  production  was  also  stimu- 
lated by  white  light,  and  an  orange  pigment  was 
produced  by  some  isolates  in  continuous  blue 
light  on  sucrose-basal  medium  (289).  An  alter- 
nating period  of  blue  light  and  white  light  fav- 
ored microsclerotial  production,  but  reduced 
conidial  production  (289) .  Near-ultraviolet  light 


increased  conidial  production,  but  inhibited  mi- 
crosclerotial development  (317). 

The  disease  has  been  severe  under  variable 
light  intensities  in  my  tests  (unpublished). 
Grown  under  12  hours  of  fluorescent  and  incan- 
descent light  (300-5,000  ft.-c.)  alternated  with 
12  hours  of  dark,  cotton  was  severely  damaged 
by  the  MS  form  of  V erticillium.  Takaes  and 
Khoury  (535)  and  Roberts  (451),  however,  re- 
ported that  low  illumination  reduced  suscepti- 
bility in  cotton  and  tomatoes. 


EDAPHIC  AND  BIOTIC  FACTORS 


Soil  Texture 

Rudolph  (460),  summarizing  early  results, 
found  that  opinions  were  sharply  divided  as  to 
which  soil  types  were  most  conducive  to  the  de- 
velopment of  Verticillium  wilt.  The  disease  was 
reported  to  be  severe  on  loams,  sandy  loams, 
clays,  and  soils  high  in  organic  matter  (460) . 

In  cotton  the  disease  generally  causes  the  most 
striking  damage  on  clay  soils.  In  1933  Neal 
(394)  reported  that  the  disease  was  more  dam- 
aging to  cotton  on  sedimentary  and  alluvial  soils 
than  on  sandier  types.  Similar  observations  were 
reported  by  Rudolph  and  Harrison  (462) .  How- 
ever, in  recent  years  in  Oklahoma  and  elsewhere 
sandy  soils  are  becoming  infested  where  cotton 
is  grown.  Recently,  severe  disease  has  been  re- 
ported in  Florida  on  tomato  (288)  and  in  Israel 
on  gerbera  (569)  grown  on  sandy  soils. 


PH 

Chester  (123)  concluded  in  1948  that  Verti- 
cillium wilt  of  cotton  was  restricted  mainly  to 
alkaline  soils,  but  this  generalization  does  not 
hold  today.  Ranney  (personal  communication) 
has  observed  the  disease  to  be  severe  in  cotton 
grown  on  clay  soils  that  are  neutral  to  acid  in 
the  Mississippi  Delta.  McLaughlin  (355)  report- 
ed the  disease  in  cotton  grown  on  soils  of  pH  6.0 
to  6.5  in  Oklahoma.  Haienseler  (231)  found  the 
disease  to  be  less  severe  on  soils  that  had  been 
acidified  in  New  Jersey.  However,  heavy  appli- 
cations of  sulfur  failed  to  control  the  disease  in 
cotton  in  California  (462)  and  Arkansas  (620). 
Nevertheless,  a  recent  report  from  Florida 
(288)  stated  that  the  disease  was  sporadic  and 
inconsequential  in  tomato  grown  on  acid  sandy 
soils,  but  where  lime  had  been  applied  to  raise 
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the  pH  above  7,  the  disease  became  severe.  The 
disease  was  also  reported  to  be  destructive  to  to- 
mato and  other  crops  in  Florida  on  calcareous 
soils,  which  presumably  are  alkaline  (288) . 

Williams  et  al.  (611)  found  that  both  MS  and 
DM  forms  of  the  fungus  in  culture  grew  well  be- 
tween pH  4  and  8.  However,  Isaac  (273)  report- 
ed that  MS  isolates  consistently  produced  a  lower 
pH  (5.3-8.6)  in  culture  than  did  DM  isolates 
(8.0-8.6) .  Robinson  et  al.  (452)  found  no  differ- 
ences between  MS  and  DM  isolates  in  buffered 
Czapek's  medium.  Isaac  (279)  states  that  all 
isolates  of  both  forms  that  he  has  tested  pro- 
duced an  acid  reaction  when  the  nitrogen  source 
was  the  ammonium  ion. 

Soil  Amendments 

In  pot  tests  with  tomato  Wilhelm  (593)  found 
that  blood  meal,  fishmeal,  cottonseed  meal,  and 
ammonium  sulfate  either  eliminated  or  marked- 
ly reduced  Verticillium  wilt.  Similar  results  were 
obtained  in  cotton  by  Young  et  al.  (620).  They 
found  that  2,000  lb.  of  alfalfa  meal  plus  100  lb. 
ammonium  nitrate  per  acre  significantly  re- 
duced the  disease  and  increased  yields.  This 
treatment  sharply  decreased  the  disease  inci- 
dence below  that  achieved  with  inorganic  fertil- 
izers rich  in  nitrogen.  In  more  recent  tests, 
Menzies  (360)  found  that  microsclerotial  popu- 
lations were  reduced  or  eliminated  when  alfalfa 
meal  was  incorporated  into  infested  soil.  Alfalfa 
meal  and  oat  residues  caused  a  greater  reduction 
in  viable  propagules  than  did  turnip  residues  in 
studies  reported  by  Green  and  Papavizas  (214) . 

Huber  et  al.  (265,  266,  267)  have  emphasized 
that  the  form  of  nitrogen  which  predominates 
during  nitrification  of  organic  amendments 
greatly  influences  control  of  soil-borne  patho- 
gens and  that  some  diseases  are  reduced  by  the 
ammonium  form  and  others  only  by  the  nitrate 
form.  Huber  and  Watson  (265,266)  showed  that 
delaying  nitrification  of  ammonium  nitrogen 
with  1,3-dichloropropene  or  with  2-chloro-6  (tri- 
chloromethyl)  pyridine  reduced  Verticillium 
wilt  of  potatoes,  whereas  certain  other  diseases 
were  increased  by  the  treatment.  Ranney  (438) 
found  that,  for  cotton  grown  in  sand-nutrient 
culture,  a  combination  of  ammonium  and  nitrate 
nitrogen  markedly  reduced  Verticillium  wilt  as 
compared  to  either  form  of  nitrogen  alone.  The 
findings  of  Huber  et  al.  (265,  266,  267)  and  of 
Ranney  (438)  may  not  be  in  disagreement  be- 
cause both  the  ammonium  and  nitrate  forms  of 


nitrogen  are  probably  present  in  field  soils  dur- 
ing nitrification  of  ammonium  nitrogen. 

Soil  Sterilization 

Roberts  (450)  reported  that  when  Verticil- 
lium inoculum  was  placed  in  soil  immediately 
after  steam  sterilization  the  disease  was  favored, 
but  when  inoculum  was  withheld  for  17  days  or 
longer,  steamed  soil  was  no  more  favorable  than 
nonsteamed  soil.  Similarly,  Born  (84)  reported 
the  same  phenomenon  for  Verticillium  wilt  of 
barberry  and  redbud  shrubs  in  steamed  and  non- 
steamed  soil.  Presumably,  the  difference  in  dis- 
ease incidence  is  due  to  the  effect  of  antagonistic 
organisms,  but  could  possibly  also  be  affected  by 
nutrient  changes,  such  as  an  increase  in  am- 
monium nitrogen. 

Killing  infected  tomato  plants  by  girdling  the 
stems  hastened  the  spread  of  the  Verticillium 
wilt  fungus  in  unsterile  soil  to  neighboring 
healthy  plants  (198,  450).  The  fungus  appar- 
ently grows  to  the  outside  of  invaded  roots  and 
sporulates  after  the  death  of  the  host  (198,  450, 
501),  but  the  fungus  is  apparently  inhibited 
from  growing  through  unsterilized  soil  (594, 
(597) .  Wilhelm  (594)  found  that  the  fungus  did 
not  grow  a  distance  of  1  cm.  in  a  6-week  test 
through  unsterile  soil  to  colonize  a  ring  of  toma- 
to stem  pieces,  whereas  in  sterilized  soil  the  stem 
pieces  were  rapidly  colonized.  Wilhelm  (594), 
Wilson  (612),  and  Grassi  (209)  concluded  that 
the  Verticillium  fungus  should  be  classified  as 
a  soil  invader  rather  than  a  soil  inhabitant.  How- 
ever, Isaac  (279)  would  classify  the  DM  and  MS 
forms  of  Verticillium  as  root  inhabitors,  which 
were  previously  characterized  by  Garrett  (199) 
as  having  an  expanding  parasitic  phase  on  the 
living  host  and  by  a  declining  saprophytic  phase 
after  its  death. 

Antagonistic  Organisms  and  Antibiotics 

Staff eldt  (524)  showed  that  the  wilt  fungus 
was  apparently  eliminated  from  stem  portions 
of  infected  cotton  plants  in  a  compost  pile  with- 
in 14  days.  The  maximum  temperature  during 
the  process  was  61.7°  to  68.3°  C. 

Of  a  number  of  soil  fungi  that  were  isolated 
and  permitted  to  colonize  the  soil  singly,  Wilhelm 
(594,  597)  reported  that  Gliocladium,  Chaetom- 
ium,  Stachybotrys,  and  Myrothecium  spp.  killed 
or  checked  the  growth  of  Verticillium,  whereas 
T rirhoderma,  Fusarium,  and  Mucor  spp.,  fungi 
that  are  often  antagonistic  in  Jhe  soil,  produced 
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little  or  no  harmful  effect.  Wilson  (612)  showed 
that  Chaetomium  sp.,  Stachybotrys  alternans 
Bord,.  Podospora  sp.,  and  Streptomyces  sp.  com- 
pletely controlled  Verticillium  wilt  of  tomato 
when  each  was  incorporated  singly  into  sterilized 
muck  soil  with  the  pathogen.  Many  other  soil 
fungi  were  also  shown  to  be  inhibitory  to  the 
wilt  fungus  (612) .  Two  fungi,  Penicillium  urtic- 
ae  Baivier  and  Aspergillus  clavatus  Desm.,  en- 
hanced the  disease  when  added  to  the  soil  with 
the  pathogen  (612).  Muck  soils  previously 
cropped  with  corn  or  oats  (nonhosts)  yielded 
more  antagonistic  fungi  than  similar  soils  crop- 
ped with  mint  (a  host) . 

Isaac  (275)  showed  that  the  fungus  Blasto- 
myces luteus  Cost.  &  Roll,  was  antagonistic  to 
both  the  DM  and  MS  forms  of  Verticillium  in  cul- 
ture media  over  a  wide  range  of  temperature  and 
pH  values.  When  mycelia  of  B.  luteus  was  added 
to  soil  infested  with  the  wilt  fungus  and  then  the 
soil  planted  with  tomato  seedlings,  the  incidence 
of  wilt  was  markedly  reduced. 

Fifty  to  70%  control  of  Verticillium  wilt  of 
cotton  was  reported  from  Russia  (309)  with  cul- 
tures of  actinomycetes  on  cottonseed  cake.  Pre- 
sumably, the  cultures  were  incorporated  into  the 
soil.  Lysis  of  the  mycelium  of  Verticillium  by 
Streptomyces  spp.  was  reported  by  Lockwood 
(333). 

Specific  antibiotics  that  are  effective  against 
Verticillium  have  been  obtained  from  Bacillus 
subtilis  Cohn  emend  Prazmowski  and  actinomy- 
cetes (21, 529) .  In  one  series  of  tests  in  soil,  Wil- 
son (612)  found  that  rimocidin  reduced  the  inci- 
dence of  Verticillium  wilt  of  tomato  in  a  muck 
soil.  Of  eight  antibiotics  tested  in  culture  rimoci- 
din and  Chloromycetin  were  the  most  effective 
against  Verticillium. 

Substances  and  Treatments  That  Affect  Wilt 
Fungus  in  Soil 

Gilbert  and  Griebel  (20 It.)  have  shown  that 
volatile  compounds  from  alfalfa  hay  eliminated 
microsclerotia  from  soil.  These  compounds  were 
identified  as  aldehydes  and  alcohols  by  Owens 
etal.  (406) 

An  inhibitory  principle,  which  prevented 
germination  of  both  conidia  and  microsclerotia 
of  the  Verticillium  wilt  fungus,  was  reported  by 
Schreiber  and  Green  (497)  to  occur  in  all  natural 
soils.  The  fungistatic  effect  was  overcome  to 
varying  degrees  by  plant  root  exudates.  Exudate 
from  tomato  (a  host)  was  more  effective  than 


that  from  wheat  (a  nonhost) .  They  found  the 
stimulatory  activity  of  the  exudate  in  the  basic 
fraction  and  suggested  that  amino  acids  or  other 
nitrogen-containing  compounds  were  responsi- 
ble. In  later  studies  Emmatty  and  Green  (164) 
showed  that  various  sugars,  including  sucrose, 
glucose,  and  galactose,  and  the  amino  acids,  glu- 
tamic acid  and  alanine,  were  effective  in  revers- 
ing f  ungistasis  to  microsclerotia.  Also,  germina- 
tion of  microsclerotia  was  inhibited  by  leaching 
them  with  water  in  the  absence  of  soil,  but  germ- 
ination took  place  when  leaching  was  discon- 
tinued. In  sucrose-ammended  soil  microsclerotia 
produced  thickened  germ  tubes  and  chains  of 
cells  that  gave  rise  to  secondary  microsclerotia. 

Green  and  Papavizas  (214)  found  that  glucose 
and  sucrose  used  as  soil  amendments  increased 
propagules  of  the  MS  form  of  Verticillium  2-  to 
3-fold,  but  population  increases  were  transitory 
and  were  followed  by  rather  rapid  decreases  so 
that  eventually  the  count  was  lower  than  the  in- 
itial population.  Sodium  nitrate  caused  slight 
population  increases,  whereas  ribose  caused  a 
rapid  decline  in  viable  propagules.  Glucose  and 
cellulose  used  in  various  carbon-nitrogen  ratios 
with  sodium  nitrate  had  much  less  effect  on  the 
germination  and  survival  of  microsclerotia  than 
the  sources  of  carbon  and  nitrogen. 

Menzies  and  Griebel  (361)  reported  that  in 
uncropped  soil  to  which  microsclerotia  were 
added  the  propagules  consistently  increased  to  a 
peak  of  three  to  five  times  the  initial  concentra- 
tion in  the  first  10  days  and  then  gradually  sub- 
sided. Drying  the  soil  interrupted  the  sporula- 
tion  process  (which  they  suggested  was  the  pro- 
duction of  conidia),  but  rewetting  stimulated 
more  sporulation.  Eventually  the  microsclerotia 
became  depleted  and  produced  few  or  no  new 
propagules.  Germinated  microsclerotia  were 
readily  killed  by  air  drying.  In  more  recent  re- 
lated studies  Farley,  Wilhelm,  and  Snyder  (180) 
demonstrated  that  conidia  definitely  were 
formed  when  microsclerotia  germinated  in  soil 
that  was  moistened  with  either  water  or  0.1% 
sucrose.  In  their  studies  microsclerotia  still 
showed  some  germination  even  after  nine  cycles 
of  wetting  and  drying.  The  percentage  of  germi- 
nation was  higher  for  each  wetting  cycle  in  soil 
ammended  with  sucrose.  Presumably,  the  pro- 
duction of  conidia  in  the  soil  would  account  for 
the  rapid  increase  in  propagules  of  Verticillium 
that  have  been  noted  by  a  number  of  investiga- 
tors. Also  conidia  are  probably  very  important  in 
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the  initiation  of  infection  in  the  host's  root  sys- 
tem, but  this  role  has  yet  to  be  elucidated. 

Influence  of  the  Rhizosphere 

The  behavior  of  the  MS  form  of  Verticillium 
in  the  rhizosphere  and  on  roots  of  plants  was 
investigated  by  Lacy  and  Horner  (314).  Popula- 
tions of  the  wilt  fungus,  as  measured  by  colonies 
that  originated  from  propagules  on  selective 
media,  increased  in  the  rhizospheres  of  plants 
that  were  susceptible,  resistant,  or  immune  to 
wilt  as  compared  to  nonrhizosphere  samples. 
The  increases  were  greater  in  susceptible  and 
resistant  mint  hosts  than  in  immune  nonhosts, 
but  the  increases  were  not  correlated  with  mint 
resistance.  The  number  of  invasion  sites  were 
similar  on  root  surfaces  of  both  resistant  and 
susceptible  mints,  but  there  were  fewer  invasion 
sites  on  roots  of  immune  plants.  Isolations  from 
finely  minced  roots  indicated  more  extensive  in- 
vasion of  susceptible  roots. 

Some  180  soft  rot  strains  of  bacteria  and  35 
Agrobacterium  types  were  isolated  from  the 
rhizosphere  of  cotton  plants  that  had  escaped 
Verticillium  wilt  in  infested  fields  in  California 
(301).  One  strain  of  Agrobacterium  was  re- 
ported to  reduce  infection  when  it  was  added  to 
the  soil  or  used  as  a  seed  dressing.  Many  strains 
of  the  bacteria  showed  antagonism  to  the  MS 
form  of  the  Verticillium  fungus  in  culture,  but 
were  ineffective  in  reducing  the  disease  in  soil 
under  the  conditions  tested. 

Synergistic  Interactions  Between  Plant 
Pathogens  and  the  MS  Form 

The  root  lesion  nematode,  Pratylenchus  pene- 
trans (Cobb)  Filipjeu  &  Schuurmans-Stekhoven, 
has  been  reported  to  increase  the  severity  of 
Verticillium  wilt  of  eggplant  (353,  377) ,  tomato 
(353,  366,  377,  378),  pepper  (377,  378),  and 
strawberry  (5,  444).  In  peppermint,  wilt  devel- 
oped earlier  (65)  and  at  a  higher  incidence 
(130)  with  both  organisms;  and  when  the  root 
lesion  nematode  and  the  wilt  fungus  were  placed 
on  opposite  sides  of  split-root  systems,  slightly 
higher  levels  of  Verticillium  wilt  occurred  (130) . 
The  authors  suggested  that  the  split-root  phe- 
nomenon probably  indicates  a  host  physiological 
response  that  makes  the  plant  more  susceptible 
to  the  fungus  pathogen  (130).  In  tomato  (366) 
soil  amendments  (paper  or  sawdust)  reduced 
populations  of  lesion  nematodes  and  also  the  se- 
verity of  Verticillium  wilt;  however,  other  fac- 


tors such  as  changes  in  the  microflora  and  the 
form  of  nitrogen  (265,  266)  could  also  have  in- 
fluenced the  results.  In  naturally  infested  field 
soils  in  Ohio  no  correlation  was  found  (179)  be- 
tween numbers  of  root  lesion  nematodes  and  the 
incidence  of  Verticillium  wilt  of  tomato.  The 
authors  point  out,  however,  that  nematode  popu- 
lations were  not  as  high  as  in  greenhouse  tests 
in  which  synergism  has  been  reported. 

On  peppermint,  synergism  has  been  reported 
for  the  wilt  fungus  and  the  root  lesion  nematode 
P.  minyus  (183).  Also,  a  significantly  higher 
optimum  temperature  (27°  vs.  24°  C.)  for  Verti- 
cillium wilt  was  shown  when  the  two  organisms 
were  present  (181). 

The  results  of  a  soil  fumigation  experiment 
with  cotton  in  Arizona  (368)  indicated  that  the 
combined  attack  of  four  nematodes,  Tylen- 
chorhynchus  cylindricus  Cobb,  Trichodorus 
christiei  Allen,  Pratylenchus  spp.,  and  Meloido- 
gyne  incognita  acrita  Chitwood,  was  responsible 
for  earlier  development  of  Verticillium  wilt  in 
the  field.  As  the  season  progressed,  however,  the 
incidence  of  wilt  appeared  to  be  independent  of 
nematode  populations.  In  contrast  to  these  re- 
sults, a  test  the  previous  season  (400)  had 
shown  the  incidence  of  wilt  to  be  greater  in  cot- 
ton in  the  plots  treated  with  nematicides.  An 
earlier  test  in  California  (350)  showed  no  dif- 
ferences in  incidence  of  Verticillium  wilt  in  cot- 
ton in  check  plots  and  in  plots  treated  with  the 
nematicide  ethylene  dibromide.  A  confounding 
factor  in  these  tests  may  have  involved  the  in- 
fluence of  the  nematicide  on  the  microflora  and 
availability  and  form  of  nitrogen  (265,  266), 
which  could  have  favored  the  disease. 

In  greenhouse  studies  with  cotton,  synergism 
between  Pratylenchus  brachyurus  (Godfrey) 
Filipjeu  &  Schuurmans-Stekhoven  and  the  wilt 
fungus  (523)  and  also  between  Meloidogyne  in- 
cognita (Kofoida  &  White)  Chitwood  and  the 
fungus  (523,535)  has  been  indicated.  Wilt-toler- 
ant cotton  plants  were  found  to  be  more  suscep- 
tible to  the  Verticillium  fungus  when  the  root- 
knot  nematode  was  present  (523) .  Furthermore, 
cotton  plants  artificially  inoculated  with  lesion 
and  root-knot  nematodes  were  more  severely 
damaged  by  wilt  in  field  plots  naturally  infested 
with  the  Verticillium  fungus  (523) . 

The  stunt  nematode,  Tylenchorhynchus  capi- 
tatus  Allen,  and  the  root-knot  nematode,  M.  in- 
cognita, increased  the  incidence  and  severity  of 
Verticillium  wilt  in  'Floradel'  tomato  plants 
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(405).  The  disease  was  most  severe  at  23°  C. 
with  the  stunt  nematode  and  at  29°  C.  with  the 
root-knot  nematode.  The  higher  optimum  with 
the  root-knot  nematode  appears  to  be  similar  to 
the  phenomenon  discussed  previously  for  the 
root  lesion- wilt  complex  of  peppermint  (183). 
When  nematodes  were  controlled  in  field  plots  in 
Florida  (288)  by  ethylene  dibromide,  Verticil- 
lium  wilt  of  tomato  was  controlled  up  to  3 
months.  A  combination  treatment  of  this  nema- 
ticide  and  the  fungicide  benomyl  extended  the 
control  of  wilt,  and  the  combined  treatment  was 
better  than  the  fungicide  alone.  Hence,  it  would 
appear  that  nematodes  were  involved  in  develop- 
ment of  the  wilt  disease. 

Another  example  of  probable  synergism  in- 
volves the  potato  cyst  nematode,  Heterodera  ros- 
tochiensis  Wollenweber  (238).  Verticillium  wilt 
was  more  severe  if  the  nematode  was  present,  as 
indicated  by  symptoms,  reduced  leaf  area,  and 


reduced  yield.  Host  colonization  by  the  wilt  fun- 
gus was  greatly  increased  by  the  presence  of  the 
nematode  (238). 

Synergism  between  different  fungus  patho- 
gens and  the  Verticillium  fungus  has  been  sug- 
gested (299, 340, 477, 535) .  Earlier  symptom  de- 
velopment for  Verticillium  wilt  of  cotton  was 
shown  (347)  at  intermediate  inoculum  levels 
with  Thielavopsis  basicola  (Berk.  &  Br.)  Ferr. 
However,  no  effect  was  observed  at  low  levels  of 
T.  basicola,  and  Verticillium  wilt  was  delayed  at 
high  levels  (347).  With  Alternaria  spp.  a  much 
higher  percentage  of  cotton  seedlings  were  killed 
when  both  Alternaria  and  Verticillium  were 
present  (340) .  The  addition  of  inoculum  of  Rhi- 
zoctonia  solani  Kuehn  to  soil  at  planting  time  in- 
creased the  susceptibility  of  cotton  to  Verticil- 
lium wilt  (299,  535).  The  greatest  increase  in 
severity  occurred  at  the  first  leaf  stage  in  tests  of 
seedlings  and  juvenile  plants. 


CONCLUSIONS 


Temperature  is  an  overriding  environmental 
factor  that  influences  Verticillium  wilt  in  many 
different  ways.  Host-pathogen  interactions  in 
both  susceptible  and  resistant  hosts  appear  to  be 
dependent  upon  temperature,  and  the  influence 
of  moisture  and  soil  texture  appears  to  be  con- 
founded with  the  effect  of  temperature.  Whether 
the  disease  becomes  a  problem  in  winter  crops 
in  subtropical  climates  or  in  summer  crops  over 
a  wide  range  of  temperate  climates  appears  to  be 
correlated  with  temperature. 

The  most  destructive  epidemics  of  the  disease 
occur  at  temperatures  that  are  near  the  optimum 
for  growth  of  the  fungus  in  culture.  However, 
the  disease  may  also  be  injurious  to  susceptible 
hosts  at  temperatures  that  are  3°  to  4°  C.  above 
the  optimum  for  growth  of  the  fungus.  Most  or 
all  hosts  appear  to  develop  resistance  at  tempera- 
tures that  are  somewhat  below  the  maximum  for 
growth  of  the  fungus. 

Genetic  resistance  is  related  to  temperature. 
The  phenomena  that  induce  resistance  become 
active  at  2°  to  6°  C.  lower  in  resistant  hosts  than 
in  genetically  susceptible  hosts.  More  critical 
studies  are  needed  to  determine  whether  resist- 
ance can  be  found  that  is  not  temperature  de- 
pendent. Critically  defined  temperature  regimes 
appear  to  have  real  value  in  screening  for  resist- 
ance. 

The  DM  form  of  the  fungus  grows  in  culture 
and  incites  disease  at  4°  to  5°  C.  below  the  tem- 


peratures required  by  the  MS  form.  Differences 
in  growth  of  the  two  forms  in  culture  and  in  in- 
citing disease  appear  to  be  consistent.  These  dif- 
ferences, together  with  morphological  differ- 
ences of  wild-type  isolates,  appear  to  justify  tax- 
onomic  distinction.  A  universally  acceptable  no- 
menclature is  urgently  needed  to  avoid  further 
confusion  in  the  literature. 

Moisture-disease  relations  are  complex  and  are 
probably  affected  by  the  water  requirements  of 
different  hosts,  including  annual  and  perennial 
growth  habits.  Relative  humidity,  air  movement, 
light  intensity,  root  aeration,  and  other  environ- 
mental factors  in  addition  to  temperature  prob- 
ably affect  moisture-disease  relations.  The  in- 
fluence of  moisture  on  survival  of  the  fungus  in 
the  soil  appears  to  be  interrelated  with  biotic 
factors  and  aeration. 

The  role  of  soil  texture  has  not  been  defined, 
but  it  appears  to  be  interrelated  with  the  influ- 
ence of  temperature,  moisture,  and  other  envir- 
onmental factors.  The  influence  of  soil  pH  on 
disease  development  and  on  survival  of  the  fun- 
gus is  not  clear. 

Significant  progress  is  being  made  toward 
understanding  the  role  biotic  factors  play  in  re- 
lation to  growth,  multiplication,  and  survival  of 
the  wilt  fungus  in  the  soil.  Studies  are  needed 
to  identify  and  relate  the  influence  of  organic 
amendments,  forms  of  available  nitrogen,  and 
the  soil  microflora  to  Verticillium  wilt  control. 
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GENETICS  OF  VERTICILLIUM  TOLERANCE 

IN  COTTON 

By  Jerry  R.  Barrow- 

SUMMARY 


Techniques  were  developed  to  reliably  differ- 
entiate between  a  tolerant  'A9519'  and  suscep- 
tible 'A227'  cotton  strains.  The  laboratory  tech- 
nique was  in  agreement  with  field  observations. 

Evaluations  of  Flf  F2>  F3)  and  F1  X  'A227'  test- 
cross  progenies  with  these  techniques  confirmed 
a  dominant  gene  V  in  'A9519'  that  determines 
tolerance  to  SS4,  a  mild  isolate  of  V.  albo-atrum. 
F,  and  F2  progenies  of  the  'A9519'  X  'A227' 
cross  indicated  a  recessive  pattern  of  inherit- 
ance in  the  field.  The  genetic  response  of  V1  may 
be  different  when  plants  are  exposed  to  severe, 
naturally  occurring  isolates  in  the  field.  Other 
genes  may  also  be  responsible  for  field  tolerance. 
Homozygous  VfV',  -yfv'F3  selections  will  be  com- 
pared to  parental  material  in  the  field  to  test 
these  possibilities. 

In  the  development  of  'B6532',  a  glandless, 
wilt-tolerant  strain,  linkage  between  wilt  toler- 
ance and  the  GU  or  GU  genes  was  suspected.  In 
a  crossing  scheme  designed  to  test  linkage  of 
these  characters,  it  was  evident  that  'B6532'  had 
a  gene  similar  to  the  V  gene  in  'A9519'.  (A  test 
of  allelism  was  not  conducted.)  This  gene  was 
found  to  be  independent  of  GU  and  Gl3. 


'A9519'  has  been  crossed  to  eight  monosomic 
lines  (2n— 1)  involving  eight  different  chromo- 
somes in  Upland  cotton.  The  monosomic  Fx 
plants  (2n— 1)  will  be  selfed  and  by  the  segre- 
gation of  the  F2  progeny,  it  can  be  determined  if 
the  V  gene  is  located  on  the  chromosome  of  the 
specific  monosomic  chromosome. 

A  number  of  tolerant  'Acala'  cotton  strains 
gave  a  response  to  the  SS4  isolate  that  was  simi- 
lar to  that  of  'A9519',  both  as  parental  material 
and  in  the  F1  material  derived  by  crosses  to  sus- 
ceptible parents.  The  tolerant  'Acala'  strains  are 
tolerant  to  SS4  and  susceptible  to  Tl,  a  severely 
defoliating  isolate  of  V.  albo-atrum.  G.  barba- 
dense  selections  of  'Seabrook  Sea  Island  12B2' 
and  'Pima  32'  showed  resistance  to  SS4  and  tol- 
erance to  Tl.  Considerable  heterozygosity  was 
apparent  in  most  materials  evaluated.  It  is  ap- 
parent that  to  conduct  a  meaningful  genetic 
study  of  Verticillium  wilt  tolerance  in  cotton, 
homozygous  parents  should  be  used  with  a  pedi- 
gree evaluation  system  of  FUF2,  F3  and  testcross 
progenies.  A  reliable  method  of  inoculation,  cul- 
ture, and  evaluation  is  essential. 


INTRODUCTION 


Inheritance  of  tolerance  or  resistance  to  Verti- 
cillium albo-atrum,  Reinke  &  Berth,  is  not  well 
defined.  Accurate  genetic  analysis  is  especially 
difficult  when  a  complex  relationship  exists  be- 
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search Service,  U.S.  Department  of  Agriculture,  Depart- 
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tween  host  and  pathogen.  Breeders  have  evalu- 
ated material  for  resistance  to  V.  albo-atrum  by 
planting  nurseries  on  infested  land.  Degrees  of 
tolerance  can  be  roughly  determined  by  visual 
symptoms.  This  procedure  (133) 3  has  been  use- 
ful in  applied  breeding  programs,  but  it  is  not 
precise  enough  for  genetic  analysis  of  the  in- 
heritance of  resistance.  In  field  plantings  on 
infested  land  the  environment,  the  genotype,  and 
the  dosage  of  inoculum  are  not  controlled.  Ge- 
netically tolerant  and  susceptible  plants  are 
often  indistinguishable  because  the  conditions 


3  Italicized  numbers  in  parentheses  refer  to  items  in 
'Literature  Cited"  at  the  end  of  this  proceedings. 
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for  satisfactory  infection,  colonization,  and  develop  techniques  to  provide  reliable  measure- 
symptom  expression  have  not  been  met.  The  ments  of  wilt  tolerance  in  cotton  and  to  investi- 
principal  objective  of  this  investigation  was  to      gate  the  mode  of  inheritance. 


THE  PATHOGEN 


The  causal  organism,  V.  albo-atrum,  of  Verti- 
cillium  wilt  is  soil  borne.  It  survives  for  8  to  10 
years  in  field  soils  and  over  20  years  in  the  labor- 
atory (596).  The  resting  bodies  of  the  fungus 
may  be  microsclerotia  or  several  types  of  hyaline 
hyphae  or  cells  imbedded  in  parts  of  the  plant 
stems  or  roots  (478,  480,  486) .  These  bodies,  dis- 
tributed in  the  soil  by  cultural  practices,  are  the 
sources  of  infection  for  new  crop  plants. 

Garber  and  Houston  (195)  observed  that  as 
cotton  roots  grew  adjacent  to  these  infective 
particles  the  particles  germinated  and  most  fre- 
quently entered  the  root  in  the  area  of  elongation, 
just  behind  the  root  tip.  The  hyphae,  after  pene- 
tration of  the  epidermis,  grew  intercellularly  and 
intracellular^  through  the  root  cortex  to  the 
vascular  region.  Only  a  small  portion  of  the 
hyphae  reached  the  xylem  vessels  in  both  sus- 
ceptible and  tolerant  plants.  Once  hyphae  pene- 
trated the  xylem  vessels,  abundant  mycellia  and 
conidia  were  produced.  More  free-floating  conid- 
ia  were  found  in  vessels  in  the  upper  portions  of 
susceptible  'Deltapine  15'  than  in  the  upper  ves- 
sels of  tolerant  'Acala  4-42'.  Presley  et  al.  (432) 
demonstrated  the  rapid  movement  of  conidia 
through  the  xylem  vessels  in  cotton  plants.  Pres- 
ley and  Taylor  (434)  found  that  the  end  walls 

FUNGAL 

Schnathorst  (486)  defined  two  major  forms 
of  V.  albo-atrum  (microsclerotial  form).  The 
severe,  or  defoliating,  strain  (Tl  type)  and  the 
mild,  nondefoliating  strain  (SS4  type).  The  Tl 
type  is  predominant  in  the  High  Plains  of  Texas, 
New  Mexico,  and  southeastern  Arizona.  Both 
types  are  present  in  California. 

Schnathorst  (489)  observed  an  increase  in 
disease  severity  and  percentage  of  diseased  sus- 
ceptible plants  as  the  inoculum  potential  of  the 
SS4  strain  increased.  A  lower  inoculum  potential 
for  Tl  was  required  to  induce  comparable  symp- 
toms in  susceptible  plants  than  for  the  SS4  iso- 
late. Increasing  the  inoculum  potential  of  Tl  in- 
creased the  percentage  of  diseased  susceptible 


of  the  xylem  vessels  had  to  dissolve  before  con- 
idia could  be  transported,  indicating  plant  ma- 
turity was  an  important  predisposing  factor  be- 
fore symptoms  could  appear. 

Temperature  is  a  critical  factor  in  the  host- 
pathogen  relationship.  Halisky  et  a\.(232)  dem- 
onstrated that  optimal  growth  of  V.  albo-atrum 
in  culture  was  obtained  at  21°  and  24°  C.  Severe 
symptoms  developed  in  susceptible  cotton  grow- 
ing in  infested  soil  maintained  at  20°  and  25°  C, 
while  no  symptoms  developed  at  32°  C.  The  se- 
verity of  symptoms  was  affected  by  soil  and  air 
temperatures  and  was  correlated  with  optimal 
temperatures. 

Berry  and  Thomas  (66),  who  grew  mint 
plants  on  V  erticillium-mfested  soils  at  tempera- 
tures ranging  from  19°  to  26°  C,  observed  the 
most  severe  symptoms  at  25°  C.  They  also  found 
that  the  growth  of  V.  albo-atrum  was  retarded  at 
10°  and  30°  C,  but  disease  recovery  was  greatest 
at  30°  C,  while  symptoms  became  increasingly 
severe  at  10°  C. 

Bell  and  Presley  (60)  found  that  the  greatest 
production  of  conidia  for  V.  albo-atrum  occurred 
at  20°  to  25°  C.  and  decreased  at  15°  and  30°  C. 
Production  did  not  occur  at  5°  and  35°  C.  during 
a  7-day  period. 

STRAINS 

plants.  Symptoms  on  resistant  'Tanguis'  cotton 
plants  increased  in  severity  and  disease  per- 
centage became  greater  as  the  inoculum  poten- 
tial of  Tl  was  increased. 

My  data  in  tables  1  and  2  show  that  symptom 
severity  and  the  percentage  of  diseased  plants 
increased  when  both  tolerant  'A9519'  and  sus- 
ceptible 'A227'  plants  were  inoculated  and  grown 
at  21.5°  C.  by  night  and  at  27°  C.  by  day.  The 
severity  and  percentage  of  diseased  plants  were 
maximized  and  approached  100%  when  'A9519' 
and  'A227'  plants  were  inoculated  with  Tl  and 
SS4  at  106  conidia/ml.  and  grown  at  20.5°  C.  by 
night  and  24.5°  C.  by  day. 
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Table  1. — Frequencies1  of  plants  expressing  either  no,  mild,  or  severe 
symptoms  from  a  severe  and  mild  isolate  under  night  temperature  of 
21.5°  C.  and  day  temperature  of  27°  C. 


10"  conidia/ml.                10 1  conidia/ml.  10-  conidia/ml. 

'A9519'      'A227'              'A9519'      'A227'  'A9519'  'A227' 

DEFOLIATING  (Tl) 

No  symptoms             0.04           (LOO                 0~14           6~00  (L38  0.26 

Mild  symptoms            .08            .00                  .07            .05  .00  .13 

Defoliated                     .88          1.00                  .79            .95  .62  .61 

NONDEFOLIATING  (SS4) 

No  symptoms             0.63          (L21                 6~60          6^20  6~87  0.59 

Mild  symptoms            .37            .58                  .40            .50  .13  .33 

Severe  chlorosis  .....     .00            .21                  .00            .30  .00  .08 

1  Based  on  approximately  25  plants  per  inoculation  treatment. 

Table  2. — Frequencies1  of  plants  expressing  no,  mild,  or  severe  symptoms 
after  inoculation  with  SS4  and  Tl  isolate  and  grown  under  20.5°  C. 
night  and  24.5°  C.  day  temperatures 


10,;  Tl  conidia/ml.  10°  SS4  conidia/ml. 

•A9519'         'A227'  'A9519'  'A227' 

No  symptoms    =0.01  -0.10  -0.01  =0.01 

Mild  symptoms  .00  .00  .94  .00 

Complete  defoliation  ...  .99  .90  .00  .00 

Severe  chlorosis      .00  .00  .05  .99 

1  Based  on  84  plants  per  inoculation  treatment. 

2  Plants  apparently  escaped  infection  because  of  small  size  at  time  of  inoculation  from 
late  germination.  These  plants  expressed  symptoms  after  second  inoculation. 

METHODS  OF  INOCULATION 


The  successful  invasion  of  the  host  by  the 
pathogen  is  imperative  before  any  genetic  an- 
alysis can  be  made.  The  inoculum  potential,  in- 
volving the  number  and  viability  of  the  infective 
particles,  has  considerable  effect  on  symptom 
expression. 

Several  methods  of  inoculation  have  been  used 
with  varying  success.  These  include  growing 
plants  in  infested  soil,  puncturing  stems  with 
spore  suspensions,  pouring  spore  suspensions 
over  soil  or  sand  in  which  plants  were  growing, 
and  spraying  the  roots  with  a  spore  suspension. 

Erwin  etal.  (171)  compared  root-dipping  and 
stem-puncture  methods,  and  they  concluded  that 
stem  punctures  gave  a  greater  predictability  of 
infection.  Root-dipping  caused  a  physiological 
stunting  of  the  plant. 

Schnathorst  (489)  used  two  standardized  in- 
oculation methods.  First,  he  sprayed  the  roots 
with  a  given  conidial  concentration  after  care- 
fully removing  plants  from  the  pots.  Second, 
he  grew  plants  in  soils  with  a  given  concentra- 
tion of  viable  propagules  per  gram  of  soil.  These 
methods  allowed  for  nearly  natural  infection  to 
take  place  through  the  roots. 


Bugbee  and  Presley  (106)  obtained  a  high 
level  of  infection  with  stem-puncture  inocula- 
tion. A  conidial  suspension  of  2  to  3  X  10G  con- 
idia/ml. was  injected  with  a  sterile  syringe  and 
a  21g  needle  into  mature  plants;  and  a  23g  needle 
was  used  on  4-week-old  plants.  Pressure  was  ap- 
plied on  the  syringe  to  form  a  bead  of  inoculum 
on  the  beveled  needle  point.  The  point  was  in- 
serted into  the  stem  just  above  the  soil  line  at  a 
45°  angle  until  the  bevel  of  the  point  was  just  vis- 
ible. The  droplet  of  inoculum  formed  at  the  axis 
and  disappeared  into  the  stem,  giving  assurance 
of  inoculation  at  relatively  uniform  quantities 
of  inoculum  per  plant.  This  method  would  not 
detect  a  mechanism  that  prevented  root  pene- 
tration, because  the  inoculum  was  placed  di- 
rectly into  the  stem.  There  is  some  evidence, 
however,  that  the  mechanism  of  tolerance  in  cot- 
ton is  involved  after  primary  infection  has  oc- 
curred. Garber  and  Houston  (195)  observed  no 
differences  between  tolerant  and  susceptible 
plants  during  the  initial  infection  process.  Dif- 
ferential conidial  content  between  tolerant  and 
susceptible  plants  occurred  only  during  coloniza- 
tion. 
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THE  HOST 


Presley  and  Taylor  (U3U)  noted  that  very 
young  cotton  seedlings  infected  with  V.  albo- 
atrum  expressed  typical  damping-off  symptoms. 
Only  after  3  to  4  weeks  of  age  did  plants  express 
typical  wilt  symptoms. 

In  Las  Cruces,  N.  Mex.,  Upland  cotton  is 
planted  about  April  15  and  emerges  7  to  10  days 
later.  Some  young  cotton  plants  express  symp- 
toms of  Verticillium  wilt  about  the  first  of  June. 
By  the  first  of  July,  these  plants  have  generally 
recovered,  probably  because  of  high  tempera- 
tures in  the  latter  part  of  June. 

The  cotton  plants  begin  flowering  the  first 
week  of  July  and  continue  through  August,  set- 
ting most  of  the  crop.  As  the  plants  become  load- 

SOURCES  OF  TOLERANCE 

The  most  tolerant  strains  of  Upland  cotton 
express  disease  symptoms  when  they  are  grown 
in  infested  soil.  Most  sources  of  tolerance  in  Up- 
land cotton  have  been  derived  by  breeding  and 
selection  in  V  erticillium-mf  ested  areas.  The 
original  sources  of  tolerance  were  derived  as 
follows: 

1.  'Acala  49'  was  selected  by  L.  R.  Lytton  at 
Las  Cruces,  N.  Mex.,  in  1949.  Reselections  desig- 
nated as  '49-1',  '49-2',  49-3',  and  '49-4'  were 
made  in  New  Mexico  by  J.  R.  Cotton. 

2.  Moderate  sources  of  tolerance  known  as 
'Roxe'  and  'Coquette'  were  bred  and  selected  in 
Louisiana  by  J.  R.  Cotton  and  used  by  him  in  the 
New  Mexico  breeding  program. 

3.  P.  J.  Lyerly  of  Ysleta,  Tex.,  selected  'Acala 
C-108'  and  'C1BB'  from  'Acala'  stocks. 

4.  A  mild  form  of  tolerance  was  selected  from 
crosses  of  'Acala-Hopi-Acala'  (A-H-A)  in 
Shafter,  Calif.  'Acala  29-16',  a  selection  from 

INHERITANCE  PATTERNS 

Cotton  (133)  observed  no  definite  patterns  of 
inheritance  among  crosses  involving  several  tol- 
erant strains  of  Upland  cotton.  Some  crosses 
transferred  very  little  tolerance,  while  in  others 
transgressive  segregation  was  observed.  Toler- 
ance was  increased  in  some  crosses  between  two 
tolerant  parents,  while  in  others,  progenies  were 
less  tolerant  than  either  parent. 

4  Sources  of  Verticillium-to\er ant  lines  were  obtained 
from  J.  R.  Cotton  (133)  and  from  personal  communica- 
tions. 


ed  with  fruit  and  the  mean  temperatures  begin 
to  drop  with  summer  rains  in  August,  symptoms 
appear  and  intensify  through  October.  The 
cooler  the  temperatures,  the  more  severe  are  the 
wilt  symptoms. 

Symptom  expression  in  cotton  appears  to  be 
highly  associated  with  earliness  and  quantity 
of  fruit  set  (133,  188).  It  has  been  observed  in 
New  Mexico  that  susceptible  plants  resist  symp- 
tom expression  if  the  fruits  are  removed  as  they 
are  set.  Late-germinating  and  vegetative  plants 
show  fewer  symptoms  in  the  later  part  of  the 
growing  season  than  do  early-germinating  and 
heavily  fruited  plants. 

TO  VERTICILLIUM  WILT 

'Acala  1517  WR'  (29-1),  was  also  made  in 
Shafter. 

5.  Selections  from  'Tanguis'  (Gossypium  bar- 
badense  L.)  have  been  made  in  California  and 
used  in  various  breeding  programs. 

6.  'K.  P.'  was  developed  in  Uganda,  Africa, 
and  'D'  x  'K  3131'  was  developed  by  B.  A.  Wad- 
dle of  Arkansas. 

7.  J.  T.  Presley  bred  'Hartsville  W1HS5'  and 
'W1CF5'  in  Mississippi,  and  both  strains  readily 
transmit  tolerance  in  crosses. 

8.  The  'MVW  tolerant  lines  were  selected  by 
A.  B.  Wiles  in  Mississippi.4 

These  sources  of  tolerance  have  been  used  by 
plant  breeders  in  the  United  States.  These 
strains  have  often  lacked  other  good  agronomic 
traits.  Through  crossing  and  selection,  a  number 
of  other  breeding  lines  and  varieties  have  evolved 
with  more  desirable  agronomic  traits. 

AND  BREEDING  PROBLEMS 

Fisher  (188)  reported  one  tolerant  strain, 
'5225',  yielded  tolerant  progenies  regardless  of 
the  other  parent  used.  A  number  of  New  Mexico 
strains  produce  tolerant  F3  progenies  when  used 
as  parental  material. 

Wilhelm  et  al.  (605,  606)  found  that  the  G. 
barbadense  resistance  was  determined  by  a  dom- 
inant factor  in  crosses  with  G.  hirsutum. 

Roberts  (449)  evaluated  a  cross  between 
'Acala  8076',  tolerant  to  V.  albo-atrum,  and 
'Lankart  57',  a  susceptible  variety.  He  estimated 
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a  one-  to  two-gene  difference  between  the  two 
parents,  with  tolerance  inherited  as  a  recessive 
character. 

It  is  apparent  that  different  types  of  gene  ac- 
tion among  tolerant  lines  of  cotton  exist.  When 
the  mechanics  of  incorporating  tolerance  into 
agronomic  lines  is  considered,  it  seems  that  tol- 
erance, in  some  cases,  is  determined  largely  by 
one  or  two  major  genes.  This  concept  is  sup- 
ported by  the  mechanics  of  breeding  and  its  suc- 
cess in  New  Mexico. 

In  the  New  Mexico  applied  breeding  program 
tolerant  strains  were  generally  crossed  with  sus- 
ceptible strains  of  acceptable  agronomic  charac- 
teristics. F,  plants  were  selfed  and  approximate- 
ly 250  F2  plants  of  each  cross  were  evaluated  for 
wilt  tolerance  and  general  agronomic  traits.  To 
reconstitute  each  allelic  pair  of  differing  genes 
between  the  two  parents  in  the  desirable  homo- 


zygous stage,  the  probability  is  equivalent  to 
( */4 ) "»  where  n  equals  the  number  of  allelic  pairs. 
If  the  parents  differed  by  one  allelic  pair,  the 
desired  homozygous  genotype  is  expected  to  oc- 
cur in  one  out  of  four  plants;  by  two  allelic  pairs, 
one  out  of  16;  and  by  three  allelic  pairs,  one  out 
of  64.  To  calculate  by'  Muller's  formula  (380) 
the  population  size  required  to  obtain  a  single, 
double,  or  triple  homozygote  at  a  95-percent 
probability  of  success,  populations  of  11,  37,  and 
93  plants  would  be  required,  respectively. 

It  is  a  difficult  problem  to  select  the  best  geno- 
type for  wilt  tolerance  and  simultaneously  for  a 
number  of  agronomic  traits,  each  with  complex 
inheritance.  The  probability  of  the  desired  geno- 
types becomes  extremely  low,  and  under  field 
conditions,  where  phenotypes  do  not  accurately 
reflect  genotypes,  the  desired  combination  could 
not  be  recognized. 


GENETIC  ANALYSIS  OF  TOLERANT  ACALA  9519'  AND  SUSCEPTIBLE 

ACALA  227' 


'Acala  9519',  tolerant  to  field  infestations  of 
V.  albo-atrum,  and  'Acala  227',  a  susceptible  cot- 
ton strain,  were  selected  as  parental  material  for 
genetic  analysis.  'A9519'  is  a  selection  from 
'2507'  X  'Hartsville'  X  '49W  X  '49'  X  '1517C. 
Seed  of  the  'A227'  strain  was  provided  by  W.  D. 
Fisher,  Phoenix,  Ariz. 

It  was  necessary  to  develop  a  technique  that 
would  distinguish  the  difference  in  tolerance  be- 
tween the  two  parents.  A  controlled  aerial  and 
nutritional  environment  with  a  standardized  in- 
oculation technique  gave  optimum  results  that 
correlated  well  with  field  observations  (38,  39) . 

'A227'  and  'A9519'  plants  were  inoculated  by 
stem  puncture  with  106  conidia/ml.  3  weeks  after 
germination  with  SS4,  a  mild,  nondefoliating 
isolate  of  V.  albo-atrum.  These  plants  were  cul- 
tured another  3  weeks  in  the  growth  chamber  at 
20.5°  C.  by  night  and  24.5°  C.  by  day.  They  were 
watered  with  a  nutrient  solution  in  a  hydroponic 
system  (38). 

In  the  growth  chamber  trials  360  plants  of 
'A9519'  expressed  a  tolerant  response  of  mild 
symptoms  on  older  leaves;  all  new  leaves  were 
free  of  symptoms  and  without  dwarfing.  Eight- 
een 'A9519'  plants  were  classed  as  susceptible, 
expressing  severe  dwarfing  and  severe  chlorosis 
and  necrosis  in  all  leaves.  The  'A227'  strain  gave 
348  plants  with  susceptible  response  and  two 
plants  with  only  mild  symptoms. 


Evaluation  of  the  Fl  'A227'  X  'A9519'  pro- 
vided two  conclusions.  The  first  conclusion  was 
that  the  resistance  factor  (s)  was  completely 
dominant  because  F,  plants  were  as  tolerant  as 
the  'A9519'  parents.  The  second  conclusion  was 
that  the  'A9519'  strain  contained  some  hetero- 
zygosity. This  conclusion  was  based  on  the  obser- 
vation that  approximately  5%  of  plants  in  the 
inoculated  'A9519'  parental  strain  were  suscep- 
tible and  that  11  plants  of  'A9519',  crossed  with 
'A227'  plants,  gave  262  tolerant  and  one  suscep- 
tible plant,  while  a  single  'A9519'  plant,  crossed 
with  'A227',  gave  35  susceptible  and  two  tolerant 
Fx  plants  (38).  It  was  noted  that  if  genetically 
tolerant  plants  failed  to  grow  properly  after  in- 
oculation they  would  express  a  susceptible  re- 
sponse. Some  genetically  susceptible  plants  did 
not  receive  good  inoculation  and  were  classed  as 
tolerant.  It  was  noted,  however,  that  these  situ- 
ations occurred  in  about  1%  of  all  experiments. 

Tolerant  i<\  plants  were  transplanted  in  the 
greenhouse  and  grown  to  maturity.  These  plants 
were  selfed  to  produce  F2  plants  and  some  were 
backcrossed  to  the  'A227'  parent.  Bolls  were  har- 
vested and  ginned;  the  seed  was  scarified  and 
planted;  and  the  F2  progeny  were  inoculated  and 
evaluated  as  previously  described.  All  growth 
chamber  experiments  were  conducted  with 
'A9519'  and  'A227'  parental  checks.  Any  experi- 
ment in  which  the  checks  failed  to  give  expected 
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results  was  eliminated.  About  one  experiment  in  Table  3. — F3  progeny  from  selected  F2  ('A227' 
five  was  eliminated  because  of  temperature  or  X  'A9519')  plants  inoculated  with  106  con- 
nutritional  difficulties.  If  the  maximum  temper-  idia/ml.  of  SS4  and  grown  in  a  controlled 
ature  increased  to  27°  C.  for  3  days  the  first  20.5°  C.  night  and  a  24.5°  C.  day  regime 

week  after  inoculation,  many  susceptible  check  — ^  —  

plants  expressed  an  erroneous  tolerant  response,  Plant  classification  Tolerant  Susceptible    X*  3:1 

and  the  experiment  was  eliminated.  No.                       plants       plants  P 

The  F,  progeny  segregated  806  tolerant  and  Number  Number 

275  susceptiple  plants,  a  good  fit  to  a  3: 1  ratio.         l     Tolerant    125         37  0.50-0.70 

The  14  tolerant  F,  plants  backcrossed  to  the  sus-  2     Susceptible           o  39 

ceptible  'A227'  plants  gave  390  tolerant  and  401  J     Tolerant           119         ^o           ^  ^ 

susceptible  plants,  a  good  fit  to  the  1: 1  ratio  ex-  5         do                98          42           .10- .20 

pected  for  a  single  gene  difference.  6     ....  do    101  40  .30-  .50 

Three  susceptible  F1  plants  from  'A227'  X         ?         do     77  28  .50-  .70 

'A9519-#4'   (38)   were  transplanted  in  the  8         do               123  0 

greenhouse  at  about  35°  to  40°  C.  These  plants  *         J°                ?!          i?f           i°~  i°n 

.  „  ,  ai        i  10       —  do     67  26  .50-  .70 

recovered  from  the  initial  symptoms.  At  matur-   

ity  they  were  also  backcrossed  to  the  'A227'  par- 
ent. There  were  237  susceptible  and  no  tolerant 

plants,  indicating  these  F1  plants  were  homoz-  cent  of  the  F*  Plants  were  as  tolerant  as  the 

gous  susceptible  'A9519'  parent,  the  rest  being  susceptible.  This 

Nine  tolerant  F2  plants  and  one  susceptible  indicated  that  field  tolerance  was  recessive, 

plant  were  grown  to  maturity  and  selfed  in  the  Tests  of  individual  tolerant  F2  plants  will  be 

greenhouse.  The  F3  progenies  were  evaluated  necessary  to  determine  genetic  tolerance, 

under  the  controlled  conditions.  These  data  are  :t  18  proposed  that  the  gene  for  tolerance  to 

given  in  table  3  ^S4  in  'A9519'  be  designated  at  V*.  Therefore, 

The  F2  plant  selections  were  biased  for  toler-  homozygous  'A9519'  plants  are         and  'A227' 

ant  plants  because  of  the  high  mortality  of  sus-  Plants  are  homozygous  recessive  v'v*. 

ceptible  plants  after  transplanting.  Tolerant  A  Possible  explanation  of  the  differences  be- 

plants  3  and  8  gave  all  tolerant  progenies  and  tween  field  and  laboratory  experiments  is  that 

susceptible  plant  2  gave  all  susceptible.  The  re-  the  gene  V*  expresses  dominance  to  the  SS4  iso- 

maining  seven  tolerant  plants  segregated  ap-  late  and  no  dominance  to  the  severe  defoliating 

proximately  three  tolerant  to  one  susceptible.  forms  in  the  field.  If  there  was  no  dominance  in 

The  Fu  F2,  F3  and  backcross  data  gave  good  the  field,  tolerance  would  appear  to  be  inherited 

evidence  of  a  dominant  gene  in  'A9519'  that  de-  as  a  recessive  (if  V'V*  was  the  only  genotype 

termined  tolerance  to  the  mild  SS4  isolate  under  that  expresses  tolerance) ,  or  the  gene  Vs  may 

the  specific  environmental  conditions  of  this  in-  not  be  associated  with  field  tolerance, 

vestigation.  The  agreement  of  parental  material  The  progeny  of  F2  plant  8  (tolerant  as  'A9519' 

inoculated  under  laboratory  conditions  with  field  to  SS4)  and  F2  plant  2  (susceptible  as  'A227'  to 

comparisons  was  good.  However,  F,  ('A227'  X  SS4)  have  been  transplanted  and  will  be  selfed 

'A9519')  plants  grown  in  infested  field  soil  were  to  determine  if  these  two  selections  will  compare 

uniformly  susceptible  and  approximately  30  per-  to  the  parental  types  in  the  field. 

A  LINKAGE  INVESTIGATION  (560) 

D.  D.  Davis,  Las  Cruces,  N.  Mex.,  crossed  wilt-  havior  of  progenies  he  suspected  possible  link- 
tolerant,  glanded  'Acala  1517V  (6612)',  with  age  of  a  gene (s)  for  wilt  tolerance  to  either  Gl2 
susceptible,  glandless  'Acala  4-42'  \gl2gl2,  ghgh)  or  Gk  genes  determining  glands  on  the  cotton 
to  combine  wilt  tolerance  and  glandlessness.  Be-  plant.  The  glandless,  wilt-tolerant  selection  was 
ginning  in  the  F2  generation,  he  observed  a  pre-  designated  as  'B6532'. 

ponderance  of  parental  types  in  each  generation.  Because  'B6532'  was  related  to  'A9519',  it  was 

By  selecting  glandless  and  apparently  wilt-tol-  possible  that  'B6532'  had  the  V*  gene  for  toler- 

erant  plants,  he  found  a  glandless,  wilt-tolerant  ance.  'XG-15',  a  selection  from  'Socorro  Island', 

progeny  row  in  the  F6  generation.  From  the  be-  was  fully  glanded  and  wilt  susceptible.  A  gland- 
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less,  wilt-susceptible,  testcross  parent,  'Coker 
100A  gl',  made  the  above  materials  acceptable 
to  test  linkage  of  wilt  tolerance  and  the  Gh  or  Gh 
genes.  The  glandless,  tolerant  'B6532'  parent,  the 
glanded,  susceptible  'XG-15'  parent,  the  gland- 
less,  susceptible  'Coker  100A',  F1  ('B6532'  X 
'XG-15'),  and  Fx  ('B6532'  X  'Coker  100A') 
plants  were  compared  with  'A9519'  and  'A227' 
in  experiments  with  SS4  inoculum  and  con- 
trolled environment. 

Table  4  shows  that  'B6532'  was  similar  in  tol- 
erance to  'A9519'.  'XG-15'  and  'Coker  100A'  were 
as  susceptible  as  'A227'.  The  'B6532'  X  'XG-15' 
and  'B6532'  X  'Coker  100A'  Fx  plants  were  as 
tolerant  as  the  'B6532'  and  'A9519'  plants.  The 
pattern  of  these  data  was  similar  to  the  'A9519' 
X  'A227'  inheritance  pattern,  but  it  does  not 
confirm  the  V  gene  in  'B6532'.  Table  5  gives  the 
expected  phenotypes  if  V  is  linked  to  either  Gh 
or  to  Gh,  or  if  there  is  independence. 

The  GL  gene  is  located  in  the  A  genome  of  the 
Gossypium  species  and  Gh  is  located  in  the  D 
genome.  Cotton  behaves  as  a  diploid  and  GL  and 
Gh  segregate  independently  because  of  their  lo- 
cation on  different  chromosomes.  Therefore,  the 
F,  ('B6532'  X  'XG-15')  with  the  Ghgh,  Ghgh 
genotype  crossed  with  'Coker  100A'  ghgh,  ghgh 
parent  should  give  the  four  classes  described  by 
Holder  (258)  with  their  corresponding  geno- 
types (table  5).  These  four  classes  should  occur 
in  approximately  equal  numbers. 

If  'B6532'  is  homozygous  dominant  for  wilt 
tolerance,  V'V ,  and  'XG-15'  and  'Coker  100 A  gl' 
are  homozygous  recessive  for  wilt  tolerance, 
vfv *,  the  Fx  testcrossed  'Coker  100A  gl'  should  be 
in  an  approximate  ratio  of  one  tolerant  to  one 
susceptible.  If  either  class  of  recombinant  types 
were  significantly  less  than  the  parental  types, 


Table  5. — Phenotypic  classes  considering  link- 
age of  V1  and  GL  or  Gl3  in  the  testcross 
('B6532'  X  'XG-15')  X  'Coker  100A  gl'1 


Linkage  to  Gl2 

Linkage  to  Gl3 

Parental 

Recombinants 

Parental 

Recombinants 

S-0 

T-0 

S-0 

T-0 

S-l 

T-l 

T-l 

S-l 

T-2 

S-2 

S-2 

T-2 

T-3 

S-3 

T-3 

S-3 

1  S  =  susceptible;  T  =  tolerant.  Numerical  gland  class 
after  Holder  (258)  : 


0  =  Gl2gl2,  Gl3gl3 
l-=Gl2gl2,  gl3gl3 
2=  gl2gl2,  Gl3gl3 
3=  gl2gl2,  gl3gl3 

linkage  would  be  present.  If  the  classes  were  ap- 
proximately equal,  independence  of  the  three 
loci  would  be  the  conclusion. 

The  testcross  progenies  were  planted  and  each 
individual  plant  was  classified  for  its  Gh,  Gl3 
phenotype  1  week  after  germination  and  marked 
for  later  association  of  tolerance  or  susceptibili- 
ty to  the  SS4  isolate.  At  3  weeks  the  plants  were 
inoculated,  and  they  were  evaluated  at  6  weeks. 
The  GL  and  Gh  genes  segregated  in  the  1:1:1:1 
ratio  as  expected.  The  testcross  progeny  gave 
104  tolerant  and  94  susceptible  plants,  a  good  fit 
to  the  expected  1: 1  ratio.  It  was  apparent  from 
these  data  that  'B6532'  contains  a  dominant  gene 
for  tolerance  to  the  SS4  isolate  similar  to  that  in 
'A9519'.  Table  6  gives  the  combined  data  for  wilt 
tolerance  and  the  Gh  and  Gh  classification  for 
the  testcross  plants. 

The  recombinant  types  were  not  significantly 
different  from  the  parental  types;  therefore,  it 
was  concluded  that  the  gene  for  tolerance  in 
'B6532'  was  not  linked  to  either  Gh  or  Gh- 


Table  4. — Classification  of  parental  F\  plants  inoculated  with  106  conidia/ 
ml.  of  SS4  and  grown  at  20.5°  C.  night  and  24.5°  C.  day  regime 


Number  of  plants 

Progeny 

Assumed  genotype1 

Tolerant 

Susceptible 

'A9519' 

gi2gi2,  gi3gi3, 

32 

0 

'A227' 

GUGL,  Gl3Glv  vtvi 

0 

27 

'B6532' 

gCgC,  gl3gl3,  V<V< 

55 

0 

'XG-15' 

Gl2Gl2,  Gl3Gl3,  vtyt 

0 

28 

'Coker  100A' 

gUgl2,  gl3glv  vlvt 

1 

92 

^('66532'  x  'XG-15') 

Gl2gl2,  Gl3gl3,  Vv' 

129 

2 

^('66532'  x  'Coker  100A') 

gl2gl2,  gl,gl3,  Vfvt 

81 

2 

1  Genotypes  for  the  Gl,  and  Gl,  loci  were  known  in  all  strains.  Genotype  for  the  V 
was  assumed  for  all  stocks  other  than  'A9519'  (V'V)  and  'A227'  (v*  vl) . 
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Table  6. — Numbers  of  plants  observed  in  each  of  the  phenotypic  classes  in 
the  ('B6532'  X  'XG-15')  X  'Coker  100A  gl' cross 

1  Linkage  to  Gl2  2  Linkage  to  Gl3 


Recom-  Recom- 

Parental  binant  Parental  binant 

types  No.  types  No.  types  No.  types  No. 

S^O  24  TM)  25  sTo  24  TM)  ~~  25 

S-l  26  T-l  28  T-l  28  S-l  26 

T-2  27  S-2  18  S-2  18  T-2  27 

T-3  24  S-3  26  T-3  24  S-3  26 


Total      101        ___  97        ______  94        ______  104 

'I2  test  of  goodness  of  fit  for  1:1  ratio  =  0.0808.  P  =  0.07-0.80. 
2X*  test  of  goodness  of  fit  for  1:1  ratio  =  0.5050.  P= 0.30-0.50. 


THE  USE  OF  MONOSOMES  FOR  CHROMOSOMAL  LOCATION  OF  THE 

V*  GENE 


In  Upland  cotton,  eight  different  monosomic 
lines  (2n— 1)  have  been  isolated  at  College  Sta- 
tion, Tex.  These  lines,  listed  in  table  7,  were  ob- 
tained from  J.  E.  Endrizzi,  Tucson,  Ariz.  They 
are  all  susceptible  to  Verticillium  wilt.  All  eight 


Table  7. — Eight  monosomic  lines  of  Upland 
cotton  and  their  chromosomes 


Monosomic  lines 

Number  of 
chromosomes 

Genome 

M2 

17 

D 

M3 

2 

A 

M5 

6 

A 

M6 

4 

A 

MQ7 

7 

A 

M10 

18 

D 

M17 

1 

A 

M25 

16 

D 

lines  have  been  crossed  with  a  homozygous 
A9519'  plant.  The  F1  progeny  will  be  inoculated 
with  parental  material  and  evaluated  for  their 
response  to  the  SS4  isolate.  A  response  similar 
to  the  'A9519'  X  'A227'  inheritance  pattern  will 
provide  a  means  to  establish  if  the  V*  gene  is  lo- 
cated on  one  of  the  eight  monosomic  chromo- 
somes. This  can  be  done  only  if  each  monosomic 
line  is  a  v*v {  genotype. 

Monosomic  (2n — 1)  F1  plants  from  each 
monosomic  line  will  be  selected  and  self  ed.  If  the 
Vt  gene  is  not  located  on  the  monosomic  chromo- 
some, the  Fy  plant  would  be  genotypically  Vtvt 
and  the  F2  progeny  would  segregate  three  toler- 
ant to  one  susceptible.  If  the  V*  gene  does  involve 
the  monosomic  chromosome,  the  genotype  of  the 
monosomic  F1  would  be  V*  and  would  produce  all 
tolerant  progeny. 


RESPONSE  OF  VARIOUS  COTTON  STRAINS  TO  INOCULATION  BY 
SS4  AND  Tl  IN  A  CONTROLLED  ENVIRONMENT 


Resistant,  tolerant,  and  susceptible  experi- 
mental strains  of  cotton  were  stem-puncture  in- 
oculated at  3  weeks  of  age  with  106  conidia/ml. 
of  either  SS4  or  Tl  isolate  of  V.  albo-atrum  and 
grown  in  a  controlled  environment  of  20.5°  C.  at 
night  and  24.5°  C.  in  the  day  for  3  weeks.  Their 
responses  were  compared  with  the  responses  of 
the  tolerant  A9519'  and  susceptible  'A227' 
strains.  Five  'Acala'  strains,  'A9519',  'A8076', 
A9575,  'A8861',  and  'B6532'  from  New  Mexico, 
all  tolerant  to  V.  albo-atrum  under  field  condi- 
tions, were  used  by  themselves  or  in  crosses. 
'Paymaster  266',  also  tolerant,  was  evaluated  too. 
Susceptible  strains  of  G.  hirsutum  were  'Acala 


227',  'Lankart  57',  and  'Empire'  and  'Coker'  Gl2, 
Gl3  genetic  stocks  obtained  from  J.  A.  Lee  of 
North  Carolina.  'Pima  32',  an  old  variety,  and 
'Seabrook  Sea  Island  12E2',  (SBSI),  a  resistant 
selection  from  Steve  Wilhelm  of  California,  con- 
stituted entries  from  G.  barbadense.  A  hexaploid 
selection  obtained  from  N.  Muramoto  of  Tucson, 
Ariz.,  was  derived  from  a  G.  hirsutum  X  G. 
sturtianum  (2n=78)  cross. 

Table  8  lists  the  results.  Resistant  plants  are 
those  that  showed  no  visible  symptoms  after  in- 
oculation. Tolerant  plants  expressed  quite  severe 
symptoms  from  6  to  14  days,  then  grew  vigor- 
ously from  14  to  21  days;  thus,  the  first  leaves 
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Table  8. — Evaluation  of  cotton  strains  inoculated  with  the  Tl  or  SS4  isolates 
of  V.  albo-atrum  and  grown  in  a  20.5°  C.  night  and  a  24.5°  C.  day  regime 


Strain 

Inoculum 

Resistant 

Tolerant 

Susceptible 

Number 

Number 

Number 

'Acala  9519'    

Tl 

0 

9 

94 

'Acala  9519' 

SS4 

0 

95 

11 

'Acala  8076'  .. 

Tl 

0 

3 

104 

'Acala  8076' 

SS4 

0 

80 

4 

'Acala  9575' 

Tl 

0 

0 

66 

'Acala  9575'  

SS4 

0 

65 

6 

'8861'  x  'A227'  (F,) 

SS4 

0 

10 

0 

'9519'  X  'Lankart' 

SS4 

0 

16 

0 

'9575'  x  'A227'   

SS4 

0 

31 

!6 

'8076'  x  'Lankart' 

SS4 

0 

13 

'2 

'B6532'  x  'Coker' 

SS4 

0 

381 

J38 

'B6532'  X  'Empire'  (F,) 

SS4 

0 

236 

'Acala  227'  

Tl 

0 

0 

111 

'Acala  227'   

SS4 

0 

0 

99 

'SBSI  12B2'   

Tl 

0 

59 

27 

'SBSI  12B2'   

SS4 

86 

9 

0 

'SBSI  12B2'  X  '9519' 

Tl 

28 

18 

11 

Hexaploid2    

SS4 

20 

173 

45 

'Paymaster  226' 

Tl 

0 

5 

94 

'Pima  32' 

Tl 

0 

23 

75 

'Pima  32'   

.....  SS4 

2 

93 

0 

1  Low  nitrogen  in  nutrient  solution. 

2  Derived  from  G.  hirsutum  X  G.  sturtianum. 


showed  mild  symptoms,  and  all  new  leaves  were 
free  from  symptoms.  Susceptible  plants  began 
expressing  symptoms  6  days  after  inoculation, 
and  severity  increased  to  21  days,  leaving  plants 
either  dead  or  severely  dwarfed,  with  chlorosis 
in  all  leaves. 

Three  experiments  were  mistakenly  conducted 
with  nutrient  solution  deficient  in  nitrogen. 
Genetically  tolerant  plants  expressed  severe 
symptoms  and  because  of  the  nitrogen  deficiency 
were  unable  to  grow  well  after  14  days  and  were 
classified  as  susceptible.  The  'Empire'  and 
'Coker'  strains  were  both  classified  as  suscepti- 
ble. Some  'Coker'  plants  died  after  3  weeks;  the 
'Empire'  plants  were  still  growing  slightly,  but 
showing  symptoms  in  all  leaves.  This  difference 
in  the  susceptible  response  was  noted  within  the 
'A227'  progeny.  A  study  to  distinguish  genetic 
differences  between  'Coker'  and  'Empire'  has 
been  started. 

The  'Acala'  and  'Paymaster'  strains  observed 
to  be  tolerant  under  field  conditions  were  sus- 
ceptible to  the  Tl  isolate  and  tolerant  to  the  SS4 
isolate.  F,  plants  involving  a  tolerant  'Acala'  and 
a  susceptible  parent  were  as  tolerant  as  the  tol- 
erant parent,   indicating  dominance  of  the 


factor (s)  determining  tolerance.  The  Fj  plants 
of  the  'B6532'  X  'Empire'  cross  exceeded  the  tol- 
erance of  the  'B6532'  parent.  This  may  be  due,  in 
part,  to  a  minor  genetic  factor  (s)  in  the  'Em- 
pire' parent  that  contributed  to  tolerance,  since 
'Empire'  appeared  to  be  more  tolerant  than 
'Coker'. 

'Seabrook  Sea  Island  12B2'  appeared  to  be  seg- 
regating for  tolerance  and  susceptibility  to  the 
severe  Tl  isolate  and  resistance  and  tolerance 
to  the  SS4  isolate.  The  F,  plants  of  'SBSI-12B2' 
X  '9519'  were  resistant,  tolerant,  and  susceptible 
to  the  Tl  isolate.  These  results  indicated  possible 
heterozygosity  in  SBSI  plants,  and  a  selection  of 
homozygous  resistant  plants  to  the  SS4  isolate  or 
tolerant  to  the  Tl  isolate  would  be  essential  in  a 
genetic  study.  It  is  essential  that  genetic-en- 
vironment interactions  be  studied.  Some  'Pima 
32'  plants  were  tolerant  to  the  Tl  isolate  and 
highly  tolerant  to  the  SS4  isolate.  Homozygous 
stocks,  tolerant  to  Tl  from  'Pima  32'  may  be  a 
beneficial  source  of  high-level  genetic  tolerance, 
if  this  tolerance  can  be  separated  from  general 
lateness  of  the  G.  barbadense  plants.  The  hexa- 
ploid appeared  to  have  genetic  variability  for 
wilt  tolerance  and  resistance  to  the  SS4  isolate. 
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CULTURAL  CONTROL 


By  C.  D.  Ranney1 


A  change  in  farming  patterns  or  cultural  prac- 
tices is  often  the  last  resort  a  producer  will  use 
to  reduce  economic  loss  from  pests.  This  seems 
to  be  especially  true  in  the  case  of  cotton  dis- 
eases. Research  reports  from  all  cotton  produc- 
tion areas  where  Verticillium  wilt  is  a  problem 
clearly  indicate  that  growing  any  other  crop  in 
a  rotation  system  will  reduce  losses  from  Verti- 
cillium wilt  in  succeeding  cotton  crops.  Perhaps 
we  need  to  stop  documenting  the  value  of  cul- 
tural practices  for  disease  control  and  start  doc- 


umenting the  value  of  modifying  cultural  prac- 
tices for  increased  return  from  the  total  farming 
operation.  Farm  management  should  include 
cropping  systems  and  cultural  practices  that  will 
best  fit  into  a  total  production  scheme  to  mini- 
mize losses  to  pests  and  maximize  net  profit. 
Perhaps  with  this  concept,  the  necessary  changes 
in  cultural  practices  needed  for  disease  control 
will  be  better  understood  and  accepted  by  more 
farmers  producing  cotton. 


CROP  ROTATION 


In  Roman  times  (583) 2  the  farmer-poet  Virgil 
indicated  that  both  fallowing  and  crop  rotation 
were  of  common  usage  as  methods  of  increasing 
crop  production  and  avoiding  loss  due  to  adver- 
sity. The  same  practices  are  still  effective  in  re- 
ducing loss  due  to  pests  and  maintaining  produc- 
tivity. In  areas  where  Verticillium  wilt  of  cotton 
is  present,  the  value  of  interrupting  the  continu- 
ous cotton  cycle  has  been  extensively  documented 
in  this  country  (71,  75,  135,  192,  230,  254,  255, 
328,  329,  330,  351,  428,  431,  507,  515,  519,  608) 
and  by  scientists  in  other  cotton-growing  areas 
of  the  world  (62, 264,  373,  420,  Ml,  608).  One  of 
the  more  comprehensive  studies  was  that  con- 
ducted in  Arkansas  by  Hinkle  and  Fulton  (255) . 
In  a  preliminary  report  (192)  Fulton  indicated 
the  effect  of  various  cropping  systems  on  the  in- 
cidence of  Verticillium  wilt  (table  1).  Rotating 
cotton  with  sweet  clover,  alfalfa,  or  lespedeza 
every  2  or  3  years  resulted  in  marked  reductions 
in  the  incidence  of  Verticillium  wilt.  However, 
these  crops  are  low-income  crops,  usually  used 
as  green  manure  crops;  as  such,  they  do  not  re- 
turn a  net  gain  from  their  production.  When  al- 
ternative cash  crops  are  grown  in  the  farming 
cycle,  such  as  soybeans,  corn,  soybeans-wheat, 


1  Research  plant  pathologist  and  assistant  area  di- 
rector, Alabama-North  Mississippi  Area,  Southern  Re- 
gion, Agricultural  Research  Service,  U.S.  Department  of 
Agriculture,  Starkville,  Miss.  39759. 

2  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 


soybeans-barley,  or  sorghum,  wilt  incidence  is 
reduced  and  an  annual  net  return  is  realized 
from  the  alternate  crop. 

Factors  other  than  reductions  of  wilt  incidence 
in  cotton  need  to  be  considered  in  planning  a 
cropping  system.  In  the  Midsouth,  where  corn 
was  used  in  rotation  with  cotton,  the  problem  of 
controlling  weeds  in  the  subsequent  cotton  crop 
was  increased  (219).  In  contrast,  where  soy- 
beans were  used  in  the  rotation  cycle,  weed  prob- 
lems were  not  increased  and  in  some  cropping 
cycles,  reduced.  Usually  corn  production  re- 
quires heavy  fertilizer;  soybeans  usually  require 
little,  if  any,  supplemental  fertilization.  Also  the 
effect  of  the  cropping  cycle  on  the  alternate  crop 
needs  to  be  considered.  Hinkle  found  that  alter- 
nate cropping  of  cotton  and  soybeans  (254)  re- 
sulted in  increased  production  of  both  crops  over 
that  of  continuous  cropping. 

A  particular  crop  rotation  system  may  be  ef- 
fective in  only  a  limited  area  of  the  Cotton  Belt. 
At  another  location  an  entirely  different  crop 
and  rotational  cycle  may  be  the  best  system  for 
maximum  net  income. 

From  the  information  in  table  1,  it  is  appar- 
ent that  several  crops  used  in  rotation  were  more 
effective  than  soybeans  in  reducing  the  incidence 
of  Verticillium  wilt.  However,  when  other  fac- 
tors are  considered,  the  production  of  soybeans 
in  alternate  years  or  every  third  year  may  be  the 
most  profitable  cropping  system. 
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Fallowing,  particularly  clean  fallow,  also  re- 
duces the  incidence  of  Verticillium  wilt  in  suc- 
ceeding cotton  crops  (77,  192,  255,  328,  329). 
This  effect  is  apparent  in  Fulton's  data  (table 
1 ) ,  with  only  two  other  systems  being  more  ef- 
fective. When  alternate  strips  of  land  are  fal- 
lowed, as  in  4  by  4  skip-row  plantings,  a  signifi- 
cant increase  in  production  of  cotton  on  these 
four  rows  is  obtained  over  four  rows  in  a  solid 
planted  pattern.  This  practice  has  been  exten- 
sively used.  Yield  increases  of  18%  to  45%  have 
been  obtained  with  this  cropping  system  (128, 
218,  At  the  present  time,  a  Federal  farm 

program  subsidizes  the  fallowing,  or  noncrop- 
ping  of  some  farm  acreage,  and  4  by  4  skip-row 
farming  is  an  acceptable  method  of  fallow.  Under 


the  present  situation,  therefore,  the  use  of  the  4 
by  4  skipr^w  system  is  an  effective  way  of  in- 
creasing net  farm  income.  The  value  of  the  clean 
fallow  obtained  with  this  cropping  system  on 
land  infested  with  Verticillium  wilt  is  shown  in 
tables  2  and  3.  Even  with  tolerant  varieties  a  con- 
siderable increase  in  production  and  a  reduction 
in  wilt  incidence  are  obtained  from  the  fallowing 
effect  of  4  by  4  skip-row  plantings.  In  the  Mid- 
south  the  use  of  the  4  by  4  skip-row  plantings  for 
4  to  5  years  almost  eliminated  economic  loss  from 
Verticillium  wilt.  The  extent  and  type  of  skip- 
row  plantings  varies  with  the  existing  farm  pro- 
gram; in  1965  over  23%  of  the  cotton  acres  har- 
vested (2kU)  were  planted  in  some  form  of  skip- 
row  plantings. 


Table  2. — Seed  cotton  yield  increases  obtained  by  fallowing  land  severely 

infested  with  Verticillium  wilt1 

.  Seed  cotton  yields  _,.  , 

Variety    Yield 

After  continuous  After  1  year     Average2  ^n^c^c. 

cotton  growing  of  fallow 

(6th  year) 

Lb. /acre  Lb./acre  Lb./acre  % 

'Coker  201'                                  1,988  2,345  2,167a  18.0 

'Deltapine  15A'                            1,926  2,259  2,093ab  17.3 

'Acala  1517D'                               1,817  2,117  l,968ab  16.4 

'Rex  Smoothleaf                          1,848  2,066  l,957ab  11.8 

'Dixie  King  IF                            1,835  1,922  l,879bc  4.7 

'Stoneville  7A'                             1,774  1,983  l,879bc  11.8 

'Paymaster  54B'                          1,453  2,012  1,733c  38.5 

Average2                          1,806b  2,101a    16.3 

1  Cotton  'Stoneville  7A'  was  grown  for  4  years.  In  1966  land  was  planted  in  a  4  by  4 
skip-row  pattern  with  'Stoneville  7A'.  In  1967  the  land  was  again  planted  solid  with  the 
varieties  listed.  Tests  were  conducted  at  Stoneville,  Miss. 

2  Means  not  followed  by  the  same  letter  are  significantly  different  at  the  1-percent 
level  as  measured  by  Duncan's  New  Multiple  Range  test. 

Table  3. — Seed  cotton  yield  increases  obtained  by  fallowing  land  moderately 

infested  with  Verticillium  wilt1 

Seed  cotton  vields  __.  , , 

Variety    Yield 

After  continuous    After  1  year      Average2  • 

cotton  growing  of  fallow 

(7th  year) 

Lb./acre  Lb./acre  Lb./acre  % 

'Deltapine  16'                               2,715  2,934  2,824a  8.1 

'Stoneville  7A'                           2,257  2,485  2,371b  10.1 

'Deltapine  45A'                             2,257  2,394  2,326bc  6.1 

'Dixie  King  IF                               2,185  2,191  2,188bc  .2 

'Coker  201'                                   1,992  2,274  2,133bc  14.2 

'Acala  1517D'                              2,042  2,102  2,073c  2.9 

Average2   '  2,242b  2,396a    6.9 

1  Cotton  'Stoneville  7A'  was  grown  for  5  years.  In  1967  land  was  planted  in  a  4  by  4 
skip-row  pattern  with  'Stoneville  7A\  In  1968  the  land  was  again  planted  solid  with 
the  varieties  tested.  Tests  were  conducted  at  Stoneville,  Miss. 

2  Means  not  followed  by  the  same  letter  are  significantly  different  at  the  1-percent 
level  as  measured  by  Duncan's  New  Multiple  Range  test. 
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COTTON  PRODUCTION  PRACTICES 


The  amount,  type,  and  time  of  application  of 
fertilizers  used  in  cotton  production  bear  on 
Verticillium  wilt  development.  Excessive  use  of 
nitrogen  fertilizers  delays  maturity  and  induces 
rank  vegetative  growth  (62,  71,  75,  108,  135, 
232,  260,  334,  335,  427,  431,  433,  438,  558)  and 
thus  often  increases  dk  ease  incidence  and  yield 
loss. 

Results  have  shown  (108,335,  620)  that  where 
moderately  high  nitrogen  levels  were  used  in 
years  with  average  or  moderate  wilt  conditions, 
yields  were  increased  in  spite  of  greater  inci- 
dence of  wilt.  When  the  seasons  were  favorable 
for  wilt  development,  the  additional  nitrogen  in- 
creased disease  severity  and  reduced  yield.  Some 
research  results  (438,  620)  indicate  that  the 
same  amount  of  nitrogen  in  ammonium  form  re- 
sults in  higher  disease  occurrence  than  other 
forms,  such  as  nitrate  or  urea.  High  rates  of 
phosphate  fertilizers  (62,  334,  433)  have  also 
been  associated  with  increased  incidence  of  wilt. 
In  several  instances  potash  fertilizers  (62,  71, 
427 ,  515)  have  been  beneficial  in  reducing  dis- 
ease incidence.  I  am  aware  of  at  least  four  in- 
stances in  the  Yazoo-Mississippi  Delta  where 
correction  of  low-to-deficient  levels  of  potash,  as 
measured  by  the  Mississippi  State  Soil  Testing 
Laboratory,  essentially  eliminated  Verticillium 
wilt  losses.  Within  3  to  4  years  the  reappearance 
of  Verticillium  wilt  in  these  fields  was  again 
associated  only  with  areas  low  in  potash. 

Reports  from  various  cotton  production  areas 
of  the  world  indicate  that  under  some  conditions 
soil  or  foliar  applications  of  one  or  more  minor 
elements  (27,  264)  reduced  wilt  losses.  Zinc, 
manganese,  boron,  molybdenum,  iron,  and  others 
are  among  the  elements  cited.  In  other  cases 
where  wilt  was  severe  (334,  335),  none  of  the 
minor  elements  tested  affected  wilt  incidence. 
This  apparent  contradiction  in  reports  illus- 
trates the  need  of  balanced  crop  nutrition.  De- 
ficiency or  imbalance  of  nutrients,  either  major 
or  minor  elements,  apparently  can  increase  wilt 
incidence  and  severity.  As  major  elements,  par- 
ticularly nitrogen,  are  used  repeatedly  at  high 
levels,  there  is  an  increased  risk  in  reaching  an 
imbalance  with  other  nutrient  elements.  In  one 
instance  (62)  the  use  of  N:P:K  ratio  of  1:0.7:1 
was  suggested  as  ideal  for  reducing  wilt  losses. 
In  some  cases  increased  productivity  was  obtain- 
ed by  split  application  (358)  of  nitrogenous  fer- 


tilizers. The  multiple  application  avoided  exces- 
sive levels  early  in  the  growing  season  and  re- 
sulted in  increased  yield  and  reduced  disease  in- 
cidence. 

In  areas  where  cotton  is  irrigated,  either  for 
the  total  season  or  as  a  supplement  to  normal 
rainfall,  the  amount,  timing,  and  frequency  of 
water  application  influences  Verticillium  wilt 
occurrence  and  severity.  Again,  practices  that 
encourage  rank  growth  and  delay  maturity  tend 
to  increase  the  incidence  and  severity  of  Verti- 
cillium wilt. 

Deep  and  uniform  penetration  of  water  from 
preplanting  irrigation  is  especially  important 
where  Verticillium  wilt  is  present.  The  soil 
should  be  wet  to  the  full  depth  of  expected  root 
development  to  reduce  the  number  of  irriga- 
tions later.  One  or  more  extra  irrigations  later 
in  the  season  can  cause  increased  wilt  damage 
(108,  135,  230,  260,  264,  328,  329,  334,  335, 
431,  515,  531)  and  reduced  yields.  If  an  irriga- 
tion is  needed  to  avoid  stress  before  flowering 
occurs,  it  should  be  light.  Plants  stressed  early, 
then  watered  excessively,  become  rank,  late 
fruiting,  and  lower  in  productivity,  and  they  are 
more  prone  to  damage  from  late  summer  wilt  in- 
fection (260).  Research  in  New  Mexico  (329) 
and  California  (108)  indicated  that  more  fre- 
quent irrigations  significantly  increased  severity 
of  wilt  and  decreased  yield.  In  Texas  (334,  335) 
significant  increases  in  the  percentage  of  wilt- 
infected  plants  occurred  in  a  single  season  where 
irrigation  was  on  a  10-day  schedule,  in  contrast 
to  a  16-day  schedule.  Two  successive  years  of 
more  frequent  irrigation  and  heavy  fertilizer 
application  more  than  doubled  the  incidence  of 
Verticillium  wilt  in  one  test  area.  Soil  temper- 
ature is  known  to  affect  Verticillium  wilt  inci- 
dence and  severity  (197,  230,  232,  329,  427). 
Every  time  the  soil  is  wetted,  the  soil  temper- 
ature is  reduced.  Irrigations  late  in  the  season, 
when  recovery  of  soil  temperatures  to  30°  C.  or 
higher  is  slowed,  can  increase  the  incidence  of 
infection  and  result  in  a  more  rapid  development 
of  the  disease  in  the  host.  In  New  Mexico  (230) 
at  least  one  cotton  producer  who  is  handling  his 
wilt  problem  successfully  lets  his  cotton  "stress 
a  little  for  water"  before  irrigating.  He  has 
found  he  will  have  less  wilt  where  he  follows  this 
practice. 

In  the  Midsouth,  where  irrigation  is  used  only 
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to  supplement  rainfall,  a  similar  response  to  irri- 
gation occurs.  In  Arkansas  (268)  results  (table 

4)  indicated  an  average  increase  in  wilt  inci- 
dence of  6%  and  a  yield  reduction  of  5%  from  a 
single  irrigation.  These  values  are  the  average  of 
17  varieties.  In  the  case  of  susceptible  varieties, 
such  as  'Coker  100  Wilt'  and  'Deltapine  15',  the 
wilt  increases  were  19%  and  15%,  and  yield  re- 
ductions were  21%  and  10%,  respectively. 

Studies  in  New  Mexico  (76)  indicated  that  in- 
creasing plant  populations  increased  yield  and 
reduced  the  incidence  of  Verticillium  wilt  (table 

5)  .  Studies  were  conducted  on  wilt-infested  land 
with  the  normal  population  (for  the  time  these 
studies  were  conducted)  of  14,000  plants  per 
acre,  as  a  basis  for  comparison.  When  popula- 
tions were  increased  to  45,000  plants  per  acre, 
yields  increased  by  43%;  when  increased  to 
70,000  plants  per  acre,  yields  increased  by  69%. 

Table  4. — Effect  of  irrigation  on  wilt  incidence 
and  lint  yields,  1957,  Osceola,  Ark.1 

Wilt  incidence        Lint  yield 


Variety  Irri-    Not  irri-    Irri-    Not  irri- 


gated 

gated 

gated 

gated 

% 

% 

Lb./acre. 

Lb./acr 

'Auburn  56'  

70 

44 

841 

901 

'Stoneville  3202' 

86 

61 

942 

936 

'Delfos  9169' 

87 

65 

760 

809 

'Coker  100  Wilt' 

78 

59 

676 

857 

'Deltapine  15' 

63 

48 

833 

930 

'Pox'   

72 

64 

749 

847 

'Plains'   

64 

58 

682 

843 

'Hale  33'   

75 

69 

988 

976 

'Coker  124'  

61 

56 

826 

896 

'Dixie  King'   

.  58 

56 

973 

926 

'Empire  WR' 

52 

50 

965 

940 

'Stardel'   

60 

62 

847 

872 

'Rex'  

60 

63 

1,112 

1,022 

'Dortch  4016' 

49 

54 

840 

829 

'Stoneville  7' 

40 

49 

1,050 

1,018 

'Pope'   

60 

70 

754 

832 

'Deltapine  SL' 

...  47 

60 

802 

878 

Mean   

64 

58 

861 

901 

1  From  Hughes  et  al.  (268,  p.  4). 


At  another  test  site,  both  yield  and  wilt  inci- 
dence were  measured.  Results  indicated  a  53% 
yield  increase  with  a  population  of  42,000  plants 
per  acre.  Evaluations  of  wilt  incidence  on  July 
22  and  September  29  indicated  a  significantly 
lower  percentage  of  wilt  in  the  high-population 
planting  of  7%  and  15%,  respectively. 

With  the  widespread  use  of  mechanical  har- 
vesters, the  basic  plant  population  presently  is 
30,000  to  45,000  plants  per  acre.  However,  the 
work  in  New  Mexico  indicates  that  increasing 
the  population'  to  levels  of  70,000  plants  per  acre 
can  still  reduce  wilt  loss.  In  the  irrigated  areas 
of  the  Cotton  Belt,  higher-than-normal  plant 
populations  are  recommended  (71,  75,  76,  260, 
319)  on  land  infested  with  Verticillium  wilt. 
Studies  in  Arkansas  (620)  with  plant  popula- 
tions both  below  and  above  the  normal  popula- 
tion level  failed  to  show  any  significant  effects 
on  either  yields  or  the  incidence  of  wilt.  In  New 
Mexico  (330)  modified  planting  patterns,  two 
rows  drill-planted  28  inches  apart  on  a  single 
15-inch-high  bed  with  54  inches  between  rows  of 
cotton  on  adjacent  beds,  resulted  in  improved 
yields  and  disease  control.  One  of  the  major  bene- 
fits from  this  practice  was  a  higher  average  soil 
temperature  in  the  modified  row-bed  plantings. 
In  Arkansas  (620)  soil  temperatures  and  wilt 
incidence  did  not  vary  significantly  between 
plants  on  raised  beds  and  those  where  the  soil 
was  flat-bedded. 

In  recent  years  considerable  research  has  been 
underway  on  narrow-row  spacings  for  cotton 
production.  With  row  spacings  of  7  to  10,  14  to 
16,  and  18  to  21  inches,  plant  populations  ap- 
proach 200,000  plants  per  acre.  Many  problems 
have  been  encountered  in  this  type  of  production 
and  the  practice  must  be  considered  as  experi- 
mental. However,  there  are  some  reports  (203) 
that  this  practice  reduces  disease  loss  on  Verti- 
cillium wilt-infested  land. 

Verticillium  wilt  can  be  transferred  to  dis- 


Table  5. — Effect  of  stand  of  plants  on  yield  of  seed  cotton  on  Verticillium- 
infested  soil,  1952,  M.  L.  Thomas  Farm,  New  Mexico1 

Average  No.  Calculated  Yield  seed  Increase  over  check 
plants/foot                      No.  plants/acre  cotton 

(lb./acre)2  %  Lb./acre 

5.1  (unthinned)                     70,300                 2,869  69  1,167 

3.3                                         45,500                  2,442  43  427 

.9  (check)  12,400  1,702    -- 

1  From  Blank  et  al.  (76,  p.  3) . 

2  Difference  required  at  1-percent  level  is  454  lb. 
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ease-free  areas  by  infected  refuse  (77)  and  by 
microsclerotia  and  mycelial  fragments  lodged  in 
the  lint  of  cottonseed  (H) .  Sanitation  is  impor- 
tant in  both  preventing  the  introduction  of  wilt 
into  disease-free  fields  and  in  reducing  the  in- 
cidence in  infested  fields.  While  stalk-removal 
appears  to  be  of  doubtful  benefit  (193) ,  the  addi- 
tion of  infected  refuse,  such  as  gin  trash  (135, 
507,  575),  should  be  avoided  because  wilt  inci- 
dence is  increased. 

In  the  Midsouth  one  of  the  best  ways  to  in- 
crease wilt  severity  in  nursery  sites  is  to  leave 
the  infected  stalks  intact  until  spring  land  prep- 
aration or  to  bury  whole  infected  stalks  under 
next  season's  nursery  rows.  Limited  studies  I 
made  in  Mississippi  indicated  that  the  degree  of 
fineness  of  the  residue  was  correlated  with  re- 
duced wilt  incidence.  However,  the  greatest  bene- 
fit was  from  early  incorporation  of  the  crop  resi- 
due into  the  soil.  By  the  following  planting  sea- 
son Verticillium  spp.  could  be  readily  isolated 
from  larger  pieces  of  root  and  stalk  residue  left 
exposed  on  the  soil  surface.  Verticillium  spp. 
were  infrequently  recovered  from  similarly  sized 
fragments  buried  in  the  soil.  Apparently  the  soil 
microflora-temperature-moisture  relationships 
during  the  winter  months  in  the  Midsouth  are 
effective  in  decomposing  both  host  and  patho- 
gen tissue  when  it  is  incorporated  into  the  soil. 
In  the  more  arid  areas  of  the  Cotton  Belt,  addi- 
tion of  one  or  more  postharvest  irrigations 
would  be  required  to  approach  similar  levels  of 
stalk-pathogen  decomposition.  In  the  cooler 
lareas  of  cotton  production  the  lower  winter 
temperatures  and  microbial  growth  may  inhibit 
complete  decomposition  unless  trash  is  finely 
shredded. 

Brown  and  Wiles  (100)  have  shown  that  many 
common  weed  species  are  hosts  of  Verticillium 
wilt.  Consequently,  in  fallowing  or  crop  rotation 
systems  effective  weed  control  is  essential  in  re- 
ducing pathogen  populations.  Work  in  Arkansas 
(620) ,  presented  in  table  6,  indicated  that  as  the 
depth  of  cultivation  increased,  the  incidence  of 
Verticillium  wilt  increased.  Root  pruning,  in  the 
presence  of  the  pathogen,  is  an  excellent  method 
of  inoculating  cotton  (260,  U38,  507,  623)  with 
Verticillium  wilt.  In  the  Midsouth  the  practice 
of  cultivating  across  the  row,  "cross  plowing," 
was  used  extensively  in  the  past  for  effective 
and  low-cost  weed  control.  Because  of  variations 
in  row-bed  height  and  the  roughness  of  the  driv- 
ing surface,  across-the-bed  cultivation  was  in 


Table  6. — Relation  of  type  of  cultivation  to  the 
incidence  of  Verticillium  wilt  and  to  yield 
of  seed  cotton,  Osceola,  Ark.,  19511 


Cultivation  for         Incidence  of  Yield  of 

weed  control         Verticillium  wilt2  seed  cotton1 


%  affected 

Lb. /acre 

plants 

Scraped  only   

 !.  22.0 

1,375 

Herbicide  only   

  22.0 

1,303 

Shallow  cultivation 

  31.0 

1,346 

Medium  cultivation 

  34.0 

1,109 

Deep  cultivation  

  33.0 

978 

!From  Young  et  al.  (620,  p.  11). 


-All  figures  are  averages  of  four  replications, 
truth  more  of  a  plowing  than  a  cultivating  ac- 
tion. Usually  the  last  of  these  plowings  occurred 
in  late  June  just  before  first  bloom.  As  Verticil- 
lium wilt  became  more  prevalent,  this  practice 
became  a  very  effective  way  of  "inoculating"  the 
crop  early  in  the  season.  If  a  cool  rain  followed 
the  last  cross  plowing,  a  severe  incidence  of 
Verticillium  wilt  could  be  expected.  The  in- 
creased incidence  of  wilt  has  nearly  eliminated 
this  weed  control  practice  in  Verticillium  wilt- 
infested  fields. 

The  infective  propagules  of  Verticillium  wilt 
and  those  of  other  root-infecting  diseases,  such 
as  Phymatotrichum  root  rot,  Thielaviopsis  root 
rot,  and  Fusarium  wilt,  are  most  prevalent  in  the 
plant  bed  and  top  12  inches  of  soil  (602,  608). 
Deep  plowing  and  particularly  "rigolen"  plow- 
ing, where  the  soil  is  completely  inverted,  is  an 
effective  way  of  reducing  disease  loss.  On  severe- 
ly infested  soils,  where  suitable  crops  for  use  in 
rotations  are  limited,  this  can  be  a  means  of 
reducing  wilt  severity. 

There  are  a  number  of  other  cultural  practices 
that  are  so  basic  to  good  cotton  farming  that  they 
tend  to  be  overlooked  in  disease  control.  Planting 
at  the  optimum  time  for  rapid  seed  germination 
and  seedling  growth  is  one.  It  is  important  to 
avoid  conditions  at  any  stage  that  will  tend  to 
delay  crop  development.  Adverse  planting  con- 
ditions can  stunt  plants  and  result  in  damaged 
root  systems  that  remain  shallow  rooted;  hence, 
more  of  the  root  system  is  exposed  to  Verticil- 
lium wilt  propagules  in  the  upper  soil  and  sub- 
ject to  drought  stress.  Planting  on  beds  is  a  dis- 
tinct benefit  in  that  the  soil  warms  up  sooner,  a 
benefit  in  stand  establishment  as  well  as  Verti- 
cillium wilt  control.  The  use  of  extra-high  beds, 
and  perhaps  two  rows  per  bed,  may  be  of  bene- 
fit in  some  areas  of  the  Cotton  Belt.  In  any  situ- 
ation the  use  of  uniform  beds  aids  in  water  con- 
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trol,  and  in  rainy  production  areas  they  aid  in 
proper  drainage  and  water  control  within  a  field. 
Protection  of  early-fruiting  forms  is  a  vital  fac- 
tor for  reducing  loss  due  to  Verticillium  wilt. 
When  fruit  forms  are  lost,  the  consequence  is  de- 
layed fruit  set,  which  extends  the  crop  into  pe- 
riods where  wilt  infection  is  more  severe  and 
damaging  to  production.  Effective  insect  control, 
to  avoid  either  a  delay  in  production  of  fruit 
forms  or  shed  of  early  forms,  is  just  as  import- 
ant as  other  factors  affecting  maturity.  Care 
should  be  exercised  in  the  selection  and  use  of  in- 
secticides. Research  has  shown  (447 ',  448)  that 
the  use  of  some  organic  phosphate  insecticides 
before  initiation  of  the  first  fruiting  branches 
can  delay  fruiting  and  maturity.  Another  factor 
that  is  often  overlooked  is  the  importance  of  ef- 


fective chemical  and  mechanical  weed  control 
and  avoiding  deep  cultivation  at  any  stage  of  cot- 
ton growth.  The  importance  of  good  growth  and 
development  of  cotton  in  May  and  June  is  evident 
from  this  statement  by  Arkansas  research  work- 
ers (620) :  "July  and  August,  when  much  of  the 
vegetative  growth  and  fruiting  take  place,  ap- 
pear to  be  the  critical  period  when  unfavorable 
weather  conditions  may  to  the  greatest  extent 
promote  serious  damage  from  the  Verticillium 
wilt  pathogen."  While  different  locations  in  the 
Cotton  Belt  may  change  the  exact  date  of  the 
critical  period,  the  stage  of  maturity  of  the  crop 
before  this  period  is  reached  is  the  key  to  effec- 
tive production  on  Verticillium  wilt-infested 
land. 


TOLERANT  ADAPTED  VARIETIES 


By  1950  Verticillium  wilt  was  established  as  a 
major  disease  across  the  Cotton  Belt.  Since  that 
time,  the  development  and  release  of  tolerant 
adapted  varieties  has  contributed  the  most  to  the 
control  of  this  disease.  While  changes  in  cultural 
practices  have  been  of  benefit  in  some  areas,  it 
is  the  improvement  of  adapted  varieties  (320) 
that  has  minimized  disease  loss.  In  the  Midsouth 
a  comparison  of  'Deltapine  15'  and  'Deltapine 
16'  on  wilt-infested  land  will  quickly  make  one 
aware  of  the  improved  tolerance  of  'Deltapine 
16'.  In  New  Mexico  the  continuing  improvement 
program  of  'Acala  1517'  cottons  has  resulted  in 
the  release  of  'Acala  1517V,  with  marked  in- 
creases in  wilt  tolerance  over  'Acala  1517D'.  In 
Missouri  the  development  and  release  of  'Delcot 
277'  illustrates  the  desirable  combination  of 
adaption  to  a  specific  area  with  resistance  or 
tolerance  to  the  major  diseases  of  the  area.  These 
are  only  a  few  of  numerous  varietal  improve- 
ments. Developments  in  screening  techniques 
(39)  and  in  identification  and  inheritance  of  re- 
sistance (38)  are  indicative  of  the  progress  plant 
breeders  are  continuing  to  make  in  improving 
varieties. 

Many  cotton  producers  are  still  using  varieties 
that  are  less  tolerant  than  others  that  they  could 
use  on  infested  land.  While  varieties  are  tested 
regularly  in  all  areas  of  the  Cotton  Belt,  evalu- 
ations under  disease  situations  are  all  too  infre- 
quent. There  is  a  need  for  information  about  va- 
rietal performance  under  conditions  of  typical 


disease  incidence.  Who  should  do  this  work  can 
be  debated,  but  not  the  need,  for  this  work  is  as 
important  as  any  other  research  endeavor  for 
reducing  disease  incidence. 

When  the  use  of  an  adapted  tolerant  variety 
is  combined  with  cultural  practices  that  are  ef- 
fective in  reducing  disease  losses,  Verticillium 
wilt  can  be  effectively  and  economically  con- 
trolled. At  least  one  New  Mexico  cotton  producer 
(230,  p.  15)  has  also  reached  this  conclusion: 
"I  would  recommend  that  stalks  be  shredded  and 
plowed  under  as  soon  as  possible  after  cotton  is 
picked.  Level  your  land  so  you  can  water  lightly 
and  so  water  won't  lake  in  parts  of  the  field. 
Don't  over-fertilize.  Rotate  with  fibrous  root 
crops  such  as  barley  or  corn.  Plant  varieties  that 
are  more  tolerant  to  wilt  and  delay  planting  until 
soils  are  warm  and  use  high  double  beds  if  pos- 
sible." 

A  recent  letter  from  N.  D.  Fulton,  plant  path- 
ologist with  the  University  of  Arkansas,  closed 
with  this  statement:  "To  summarize,  if  Arkan- 
sas cotton  growers  will  rotate,  cultivate  shallow, 
make  careful  nitrogen  applications  and  apply 
water  judiciously,  they  can  reduce  Verticillium 
wilt  incidence  to  where  it  is  of  no  consequence." 

In  summary,  I  echo  Dr.  Fulton's  statement 
and  only  add  the  last  sentence  of  the  Arizona 
Extension  Service  publication,  "Cotton  Verti- 
cillium Wilt"  (143) :  "Plant  the  most  tolerant 
variety  available  that  produces  well  in  the  area." 
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CHEMICAL  CONTROL1 


By  Earl  B. 

The  need  for  chemical  control  of  Verticillium 
wilt  of  cotton  has  been  widely  recognized.  In 
many  instances  cultural  practices  have  not  ef- 
fectively controlled  the  disease.  In  1965  Cotton 
(133) 3  pointed  out  that  a  high  level  of  tolerance 
to  wilt  is  not  available  in  commercial  cotton 
varieties.  Although  several  wilt-tolerant  varie- 
ties of  cotton  have  been  released  since  1965, 
they  have  not  eliminated  the  need  for  control 


Minton2 

measures.  Maximum  control  of  the  disease  can 
be  accomplished  by  combinations  of  cultural 
practices,  growing  wilt-tolerant  varieties,  and 
use  of  chemicals.  Soil  fumigants,  systemic 
fungicides,  systemic  insecticides,  and  growth 
regulators  have  been  evaluated  for  control  of 
wilt  of  cotton.  Systemic  fungicides  appear  to 
have  the  most  potential  for  control  of  the  disease. 


SOIL  FUMIGATION 


Wilhelm  (599)  pointed  out  that  chemical 
treatment  of  soils  has  effectively  controlled 
diseases  of  many  plants,  and  the  practice  is 
widely  used.  Chemical  treatment  of  the  plant- 
ing soil  has  controlled  wilt  of  eggplant  and  can- 
taloup (513),  strawberry  (598),  tomato  (354), 
peppermint  (182,212)  and  potato  (618).  From 
225  to  375  lb./acre  of  a  mixture  of  equal  parts 
by  weight  of  trichloronitromethane  (chloropic- 
rin)  and  methyl  bromide  controlled  wilt  of 
cotton,  but  plant  growth  ranged  from  favor- 
able responses  to  severe  stunting  (603) .  Stunted 
plants  had  small,  chlorotic,  mottled  leaves,  short 
internodes,  and  small  stems.  Plants  affected 
adversely  did  not  always  recover  during  the 
growing  season  and  were  unproductive.  Ab- 
normal plants  appeared  healthy  following  foliar 
spray  with  0.5  %  ZnS04,  but  not  following  foliar 
spray  with  Bo,  Cu,  Fe,  K,  Mg,  Mn,  or  P04  ions 
or  sulfur.  The  author  (unpublished  data)  ob- 
tained similar  abnormality  of  plants  following 
soil  fumigation  with  high  rates  (broadcast)  of 
methyl  isothiocyanate-chlorinated  3C  hydrocar- 


bons (MIC-3).  High  rates  of  MIC-3  controlled 
wilt  at  the  expense  of  yield.  MIC-3  injected  in- 
to the  seed  bed  at  much  lower  rates  did  not 
affect  wilt  and  yield  of  cotton.  Waddle  and 
Fulton  (573)  reported  that  methyl  bromide, 
chloropicrin,  and  1,2-dibromomethane  (EDB) 
reduced  the  incidence  of  wilt  of  cotton,  and  of 
these  methyl  bromide  was  the  most  effective. 
These  workers  also  found  that  1,3-dichloropro- 
pene  and  1,2-dichloropropane  (D-D)  increased 
wilt.  According  to  Chilton  (125),  chloropicrin 
reduced  wilt  of  cotton  significantly,  while  EDB, 
sodium  N-methyldithiocarbamate  (SMDC),  and 
orthironitrochlorobenzene  caused  a  slight  re- 
duction in  wilt.  Blank  (personal  communication, 
1971)  found  that  l,2-dibromo-3-chloropropane 
(DBCP)  and  chloropricrin  used  alone  and  1,3- 
dichloropropenes  (1,  3-D)  used  alone  and  in 
combination  with  propargyl  bromide  or  chlo- 
ropicrin did  not  effectively  control  wilt  of  cot- 
ton. Where  wilt  of  cotton  has  been  controlled 
by  soil  fumigation,  yield  increases  have  not 
always  offset  the  cost  of  chemicals  and  their 
application. 


Erwin  (165)  recently  reviewed  the  literature 
on  systemic  fungicides  for  control  of  plant  dis- 


1  Cooperative  investigation  of  the  Agricultural  Re- 
search Service,  U.S.  Department  of  Agriculture,  and  the 
Texas  Agricultural  Experiment  Station,  Lubbock. 

2  Research  plant  pathologist,  Oklahoma-Texas  Area, 
Southern  Region,  Agricultural  Research  Service,  U.S. 
Department  of  Agriculture,  Lubbock,  Tex.  79401. 


SYSTEMIC  FUNGICIDES 

eases.  In  1964,  studies  were  initiated  in  Cali- 
fornia to  evaluate  systemic  fungicides  for  con- 
trol of  wilt  of  cotton.  Methods  were  developed 
by  which  systemic  properties  of  a  chemical  could 
be  determined  (170,  172,  17 U).  The  fungicide 


3  Italicized  numbers  in  parentheses  refer  to  items  in 
"Literature  Cited"  at  the  end  of  this  proceedings. 
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was  incorporated  in  the  growth  medium  or  sand 
before  cottonseed  was  planted,  or  it  was  applied 
to  the  surface  of  the  growth  medium  by  drench- 
ing after  seedlings  were  established.  After  3- 
to  4-week-old  seedlings  had  taken  up  the  fungi- 
cide, the  plants  were  stem-inoculated  with  a 
spore  suspension  of  a  severely  defoliating  iso- 
late of  V.  albo-atrum.  Concentration  of  5  X  106 
spores/ml.  caused  severe  wilt  symptoms  in  6 
to  10  days,  while  concentration  of  5  X  10* 
spores/ml.  caused  mild  disease  reactions  in  8  to 
12  days.  A  double-pot  technique  was  used  to 
test  for  systemic  activity  of  fungicides.  The 
chemicals  were  applied  to  the  soil  and  roots  in 
the  lower  pot  as  a  drench  or  were  incorporated 
in  the  soil  before  cottonseed  was  planted.  A 
spore  suspension  of  the  fungus  was  distributed 
uniformly  over  the  roots  in  the  upper  pot  or 
was  injected  in  the  stem  of  the  plants.  A  delay 
and  reduction  in  the  development  of  wilt  symp- 
toms following  inoculation  indicated  that  the 
fungicide  was  both  systemic  and  fungitoxic. 

Further  evidence  of  systemic  activity  was  ob- 
tained by  checking  for  diffusible  toxin  in  leaves 
and  stems  of  plants  grown  in  treated  soil.  The 
plant  tissues  were  placed  on  agar  media  seeded 
with  Endothia  parasiticia  (Murr)  P.  S.  and 
H.  W.  Anderson,  V.  albo-atrum,  or  Penicillium 
expansion  Lk.  ex  Thorn  and  Phytmatotrichum 
omnivorum  (Shear)  Dug.  (170,  172,  173,  252, 
318,  509) .  A  zone  of  inhibition  of  fungal  growth 
around  leaf  and  stem  tissues  indicated  that  fugi- 
toxin  had  diffused  from  the  tissues.  Little  to  no 
fungicide  was  detected  by  bioassay  in  root  tips 
and  apical  meristems  (318) . 

According  to  Erwin  et  al.  (172,174),  the  first 
chemical  found  to  be  both  fungitoxic  and  sys- 
temic was  2-(4-thiazolyl)  benzimidazole  (thia- 
bendazole). Methyl  l-(butycarbamoyl)-2-ben- 
zimidazole  carbamate  (benomyl) ,  thiabendazole, 
and  an  experimental  material,  BAY  33172,  are 
similar  in  their  spectrum  of  activity  on  various 
organisms  (160).  Benomyl  is  the  most  effective 
of  these  materials  for  control  of  wilt  of  cotton 
(168,439).  Delp  and  Klopping  (1U)  reported 
that  benomyl  has  preventative,  curative,  and 
systemic  properties  against  many  fungi,  as  well 
as  mite  ovicide  properties.  Benomyl  was  both 
systemic  and  fungistatic  when  applied  to  soil  in 
which  roots  of  various  plant  species  were  grow- 
ing (170, 332) .  Benomyl  moves  toward  the  mar- 
gin of  leaves  and  generally  not  downward  (416). 
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However,  Hine  et  al.  (253)  found  that  benomyl 
moved  downward  into  root  tissues  of  8-week- 
old  'Deltapine  Smooth  Leaf  cotton  seedlings,  but 
not  in  4-  and  12-week-old  seedlings  following 
foliar  applications  to  runoff  of  1,000  and  2,000 
p. p.m.  (active)  benomyl  -f  polyhydric  alcohol 
esters  (DuPont  surfactant  F) .  The  chemical  al- 
so moved  into  new  unsprayed  foliage.  Benomyl 
was  taken  up  by  seedlings  grown  from  seed 
coated  with  the  fungicide  or  soaked  for  2  hours 
in  a  fungicide  suspension  and  by  seedlings 
grown  from  untreated  seed  planted  in  chemical- 
ly treated  unsterile  field  soil.  In  water-acetone 
suspension  and  in  the  plants,  benomyl  hydro- 
lyzes  rapidly  into  methyl-2-benzimidazole  car- 
bamate (MBC)  (416,  509).  Siegel  and  Zabbia 
(508)  reported  that  only  14C-labeled  MBC  oc- 
curred in  large  quantities  of  organic  extracts 
obtained  from  dwarf  pea  plants  following  ap- 
plications of  14C  benomyl.  At  52  days  after 
treatment,  94  %  of  the  labeled  MBC  occurred  in 
nonroot  tissues  and  only  12%  occurred  in  tis- 
sues formed  after  the  plants  were  treated.  MBC 
is  the  fungitoxic  chemical  translocated  from 
roots  to  foliar  parts  of  cotton,  tomato,  dwarf 
pea,  and  bean  plants.  Benomyl  was  taken  up 
passively  by  bean  plants  and  translocated  from 
the  xylem  to  the  leaves,  but  its  movement  to  the 
bark  was  by  lateral  diffusion  and  not  by  move- 
ment downward  in  phloem  tissues  (416).  Dis- 
tribution of  benomyl  in  various  plant  organs 
was  due  to  physical  forces  related  to  the  ability 
of  the  tissues  to  transpire  (417).  Benomyl  was 
not  recovered  from  cotton  bolls  harvested  from 
plants  grown  in  soil  containing  500  p.p.m.  of 
the  chemical  (251)  and  in  tomato  fruit  har- 
vested from  plants  grown  in  treated  soil  (332). 
Following  incorporation  of  benomyl  at  10  or 
100  p.p.m.  in  screened  unsterile  Gila  silt  loam 
soil  held  at  field-capacity  moisture  level  for  19 
weeks  at  19°,  20°,  25°,  30°,  or  40°  C,  the 
fungicide  was  detected  in  soil  samples  by  a 
bioassay  with  P.  expansum  and  by  sclerotial 
growth  of  P.  omnivorum  in  all  treatments  except 
the  10  p.p.m.  held  at  40°  C.  (252).  The  data 
showed  that  the  100-p.p.m.  level  in  the  soil  had 
decreased  to  30  p.p.m.  at  40°  C,  but  no  change 
in  concentration  occurred  at  16°  C. 

Erwin  (165,  173)  reported  that  ^-thiaben- 
dazole applied  to  roots  of  plants  decreased  in 
concentration  in  the  xylem  with  increased  plant 
height;  the  highest  concentration  of  the  chemi- 
cal occurred  in  the  roots,  the  lowest  in  the  leaves, 


and  medium  levels  in  the  stem.  Thiabendazole 
is  the  substance  absorbed  and  translocated  in 
cotton  seedlings  grown  in  soil  treated  with  the 
chemical  (173).  Thiabendazole  moved  upward 
in  the  xylem  and  laterally  into  the  phloem  and 
parenchyma  tissues  of  the  bark.  The  fungicide 
may  be  tied  up  with  normal  plant  material,  be- 
cause it  can  be  detected  by  chemical  analysis 
hn+  not  by  agar-diffusion  bioassay. 

Benomyl  and  thiabendazole  gave  excellent 
control  of  wilt  in  the  greenhouse  (168,  170,  172, 
174,  318),  but  gave  fair  to  poor  control  of  the 
disease  in  field  tests  (82,  83,  168,  169,  170,  172, 
248,  253,  318,  439).  Single-point  placement  of 
benomyl  in  the  soil  was  not  as  effective  in  con- 
trolling wilt,  in  increasing  yield,  and  in  uptake 
of  the  chemical  by  the  cotton  plant  (measured 
by  bioassay)  as  multiple-point  or  wider  place- 
ment (82,168).  Ranney(439)  found  that  a  com- 
bination of  moderate  rates  of  benomyl  and  thi- 
abendazole applied  to  cottonseed,  to  the  soil,  and 
to  seedlings  reduced  loss  caused  by  wilt  and 
increased  lint  yield.  On  the  basis  of  active  in- 
gredient, benomyl  was  more  effective  than  thia- 
bendazole. A  single  application  of  benomyl  at  a 
high  rate  applied  in  the  soil  was  not  as  effective 
in  controlling  wilt  as  multiple  applications  to 
seed,  soil,  and  foliage  at  low  rates.  Foliage  sprays 
late  in  the  season  were  not  effective  in  reducing 
loss  due  to  wilt,  but  were  effective  in  reducing 
loss  due  to  boll  rot.  Hefner  (248)  reported  that 
the  method  of  benomyl  application  made  no  sig- 
nificant difference  in  wilt  counts  on  'Hopicala' 
cotton  grown  under  natural  field  infestation. 
Treating  the  furrow  gave  higher  yields  than 
treating  the  seed.  Foliar  spraying  combined  with 
either  treatment  reduced  yield.  Seed  treatment 
and  no  treatment  delayed  seedling  emergence  be- 
yond that  achieved  by  treating  the  furrow.  Booth 
and  Rawlins  (82)  reported  that  treating  the  row 
and  sidedressing  with  benomyl  plus  polyoxy- 
ethylene  sorbitan  monolaurate  (Tween  20)  was 
more  effective  in  reducing  wilt  and  increasing 
yield  than  row  application  alone.  In  1968-70  my 
seed  and  soil  applications  of  benomyl,  used  alone 
and  in  combination  with  foliar  sprays,  did  not 
affect  wilt  incidence  in  highly  wilt-susceptible 
'Gregg  35'  or  tolerant  'Blightmaster  A5'  cottons 
(unpublished  data) .  Erwin  et  al.  (172)  reported 
that  foliar  spraying  added  to  sidedressing  with 
benomyl  or  thiabendazole  did  not  affect  wilt  ex- 
pression and  yield. 


The  effectiveness  of  benomyl  has  been  in- 
creased by  various  adjuvants  (82,  83,  102,  144, 
440).  In  greenhouse  tests,  development  of  dis- 
ease symptoms  of  'Acala  1517D'  was  delayed 
when  Tween  20  was  used  with  soil  applications 
of  benomyl  and  thiabendazole.  Tween  20  plus 
benomyl  was  more  effective  than  Tween  20  plus 
thiabendazole  in  delaying  the  disease.  Tween 
20  apparently  increased  root  absorption  of  the 
two  fungicides.  These  workers  also  reported  that 
benomyl-Tween  20  delayed  the  development  of 
wilt  and  increased  yield  in  field  tests.  Greater 
responses  were  obtained  when  row  application 
plus  sidedressing  were  used  than  when  row  ap- 
plication alone  was  used.  In  laboratory  and 
greenhouse  tests  PE-510  was  more  effective 
than  Tween  20  in  increasing  the  effectiveness 
of  benomyl.  Booth  and  Rawlins  (83)  reported 
that  surfactants  GAFAC  PE-510,  GAFAC  RA- 
600,  and  GAFAC  RS-710  were  more  effective 
than  AR-150,  AR-200,  and  Tween  20  as  adju- 
vants for  increasing  the  fungicidal  activity  of 
benomyl  against  Verticillium  grown  on  Czapek's 
agar.  Soil  surface  application  of  benomyl  plus 
surfactants  showed  that  GAFAC  PE-510  was 
the  most  effective  adjuvant  in  delaying  the  de- 
velopment of  wilt  symptoms  following  stem  in- 
oculation of  cotton  ('Acala  1517D')  plants 
grown  in  pots.  In  1970  my  studies  indicated  that 
a  foliar  spray  of  benomyl  containing  Esso  oils 
(Orchex  N  795,  Orchex  696,  and  Orchex  3408 
with  added  emulsifier)  plus  Tween  20  was  more 
effective  in  reducing  early  wilt  than  only  be- 
nomyl plus  Tween  20  or  benomyl  plus  Tween  20 
plus  PE-510  (unpublished  data).  No  treatment 
reduced  late  wilt  or  increased  yield;  however,  all 
chemical  treatments  caused  a  slight  increase  in 
Micronaire  of  the  fiber. 

In  greenhouse  tests  Buchenauer  and  Erwin 
(102)  found  that  two  preinfectional  foliar 
sprays  (2  to  5  days  before  stem  inoculation  with 
a  severe  defoliating  strain  of  the  fungus)  with 
benomyl  plus  HC1  and  thiabendazole  plus  HC1 
prevented,  reduced,  or  delayed  wilt  symptoms  of 
'Acala  SJ-1'  cotton  seedlings,  while  fungicide 
treatments  without  HC1  were  not  effective.  The 
responses  obtained  with  the  acidified  benomyl 
were  related  to  the  concentration  of  the  fungi- 
cide; 2,500  p. p.m.  was  the  minimal  effective  con- 
centration. Postinoculation  spray  (10  to  12 
days  after  inoculation)  with  5,000  p.p.m.  acidi- 
fied benomyl  had  curative  effects  on  early  dis- 
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ease  symptoms.  Fungitoxic  MBC  and  thiaben- 
dazole were  detected  in  leaf  disk  and  xylem  tis- 
sues above  the  area  of  treatment  by  agar-diffu- 
sion  bioassay.  Both  fungicides  were  detected 
by  ultraviolet  light  spectrophotometry  in  puri- 
fied xylem  extract  of  plants  treated  with  acidi- 
fied suspensions.  Erwin  (personal  communica- 
tion, 1971)  found  that  the  50  %  wettable  powder 
formulation  of  benomyl  acidified  with  HC1 
(1  g./30  ml.  0.35  N  HC1) ,  then  heated  at  70°  to 
75°  C.  and  stirred  for  1  to  2  hours  or  until  the 
suspension  turned  brown,  gave  the  best  control 
of  wilt  of  cotton  of  any  experimental  chemical 
tested.  Both  benomyl  and  the  carrier  are  dis- 
solved by  this  treatment.  Benomyl  (1  g./30  ml.) 
and  thiobendazole  (1  g./15  ml.)  in  aqueous  KOH 
or  NaOH  solution  (pH  9  10)  were  less  effective 
than  in  HC1,  HN03,  or  H2S04  solution,  but  were 
slightly  more  effective  than  in  nonacidified  so- 
lution. Apparently,  two  consecutive  sprays 
penetrated  better  than  one.  Uptake  of  the  chem- 
ical was  increased  by  spraying  late  in  the  after- 
noon and  early  in  the  morning. 

The  long  persistence  of  benomyl  and  thiaben- 
dazole in  soils  should  increase  their  effective- 
ness in  the  control  of  wilt  (168,  170,  172,  173, 
252,  318) .  Six  months  after  the  soil  was  treated 
in  field  plots  with  the  two  fungicides,  bioassay 
of  stems  and  cotyledons  showed  large  zones  of 
inhibition  in  all  cotton  plants  grown  in  benomyl- 
treated  soil  in  the  greenhouse,  but  only  a  small 
zone  in  two  of  six  plants  grown  in  thiabenda- 
zole-treated  soil  (168,170).  Uptake  of  benomyl, 
as  measured  by  bioassay  of  cotton  leaf  disk 
against  V.  albo-atrum,  was  related  to  the  con- 
centration and  distribution  of  the  fungicide  in 
the  soil  and  the  percentage  of  the  feeder  roots 
in  the  treated  zone  (318).  Apparently,  a  small 
percentage  of  the  feeder  roots  of  field-grown 
cotton  plants  remains  in  fungicide-treated  soil, 
while  roots  of  greenhouse-grown  plants  are  con- 
fined to  the  treated  soil.  Root  distribution  prob- 
ably accounts  for  the  different  responses  ob- 
tained among  field  and  greenhouse  tests  with 
benomyl.  Benomyl  gave  better  control  of  wilt  of 


cotton  grown  in  sand  than  in  a  soil  mixture 
(172).  The  uptake  of  benomyl  by  elms  was 
much  greater  in  plants  grown  in  sand  than  in 
plants  grown  in  a  soil  mixture  (256) .  Benomyl 
and  thiabendazole  were  not  moved  into  soil  by 
water  movement  when  they  were  applied  to  the 
soil  surface,  nor  were  they  moved  by  passage  of 
water  through  soil  into  which  they  had  been  in- 
corporated (252).  Benomyl  and  thiabendazole 
prevented  germination  of  P.  omnivorum  sclero- 
tia  for  12  weeks  after  incorporation  in  the  top 
10  cm.  of  bedded  soil  of  irrigated  cotton;  at  18 
weeks  only  high  rates  of  benomyl  prevented 
sclerotial  germination  (212).  However,  benomyl 
was  recovered  from  the  growth  medium,  roots, 
stems,  and  leaves  of  1-year-old  cotton  plants 
grown  in  peat-perlite-soil  mixture  in  the  green- 
house 22  weeks  after  the  fungicide  was  applied 
as  a  drench  to  the  soil  surface  (252) . 

Another  factor  that  may  indirectly  influence 
responses  obtained  with  systemic  fungicides  in 
field  tests  is  the  seasonal  level  of  fungal  propa- 
gules  in  the  soil.  Evans  et  al.  (176)  found  that 
the  highest  level  of  V erticillium  microsclerotia 
in  soil  samples  collected  from  cultivated  cotton- 
fields  occurred  at  planting  time.  They  also 
pointed  out  that  microsclerotia  probably  survive 
at  least  2  years  in  old  cotton  stalks.  Micro- 
sclerotia are  probably  released  from  old  cotton 
stalks  as  they  decay  and  may  provide  a  high  level 
of  inoculum  in  the  soil  most  of  the  growing 
season. 

A  more  soluble  soil  fungicide  and  a  foliar 
fungicide  that  moves  downward  as  well  as  up- 
wards are  needed  for  maximum  control  of  wilt. 
All  chemicals  tested  have  not  given  the  desired 
control  of  wilt,  and  the  returns  from  increased 
yield  have  not  exceeded  the  cost  of  treatment. 
Recent  research  reports  indicate  that  use  of  vari- 
ous surfactants,  acidified  suspensions  of  the 
fungicides,  and  refined  techniques  of  applica- 
tion increased  the  level  of  control  obtained  with 
systemic  fungicides  and  that  further  testing  of 
these  chemicals  is  warranted. 


SYSTEMIC  INSECTICIDES 


Several  workers  have  reported  that  systemic 
insecticides  effectively  controlled  wilt  of  vari- 
ous crops.  Erwin  and  DeWolfe  (167)  found 
that  0,0-diethyl,S-2-  (ethylthio)  ethyl  phosphor- 
odithioate  (disulfoton) ;  O.O-diethyl,  S- (ethyl- 


thio) methyl  phosphorodithioate  (phorate); 
and  2-methyl-2-(methylthio)  propionaldehyde- 
O-(methylcarbamoyl)  oxime  (aldicarb)  applied 
in  field  tests  with  the  seed  plus  sidedressing  later 
in  the  season  had  little  to  no  effect  on  wilt  of 
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cotton  grown  in  naturally  infested  soil.  The 
treatments  did  not  affect  yield.  In  greenhouse 
tests  wilt  of  cotton  was  not  affected  by  the 


chemicals  when  the  plants  were  subsequently 
inoculated  with  a  defoliating  isolate  of  the  fun- 
gus. 


GROWTH  REGULATORS 


Erwin  et  al.  (169)  reported  that  multiple  ap- 
plications of  soil  drenched  with  2-chloroethyl- 
trimethyl  ammonium  chloride,  2  (2-methyl-4- 
chlorophenoxy)  propionic  acid,  and  potassium 
salt  of  2-benzothiozlyl-carboxymethyl  sulfide 
delayed  the  development  of  wilt  of  cotton  plants 
following  root-ball  inoculation  with  spores  of 
the  fungus.  The  delay  in  development  of  wilt  was 
not  long  enough  to  be  practical,  but  these  chemi- 
cals warrant  further  testing. 


Ranney  (437)  reported  that  some  plant 
growth  regulators  reduced  the  incidence  of  wilt 
by  inducing  changes  in  the  metabolism  of  the 
host.  The  changes  included  modification  in  the 
soluble  nitrogen,  reducing  sugars,  sucrose,  and 
starch  contents  of  the  host;  change  in  the  leaf, 
root,  fruit,  and  total  plant  weights;  and  forma- 
tive effects.  Blank  (personal  communication, 
1971)  found  that  soil  and  foliar  applications  of 
2,4-D,  methoxane,  and  potassium  gibberellate 
did  not  affect  wilt  intensity  and  yield  of  cotton. 


MISCELLANEOUS  COMPOUNDS 


Blank  (personal  communication,  1971)  found 
that  calcium  sulfate,  calcium  hydroxide,  zinc 
ethylenebisdithiocarbamate,  lime,  sulfur,  potas- 
sium sulfate,  lithium  carbonate,  experimental 
compounds  from  Chemagro  (D-113,  D-121,  and 
C-272),  copper  oxychloride-copper  sulfate,  3- 
[2-  (3,5-dimethyl-2-oxocyclohexyl)  -2-hydroxy- 
ethyl]-glutarimide  (cycloheximide) ,  and  penta- 
chlorophenol  did  not  affect  wilt  of  cotton, 
whereas  the  herbicides  3-(p-chlorophenyl)-l,l- 


dimethylurea  (monuron)  and  3- (3,4-dichloro- 
phenyl)-l,  1-dimethylurea  (diuron)  increased 
the  disease. 

A  suspension  of  alanine  and  Verticillium 
spores  entering  the  xylem  through  diagonal  cuts 
in  the  stem  of  plants  increased  the  severity  of 
wilt  symptoms,  and  the  rate  of  disease  develop- 
ment in  young,  fast-growing  cotton  plants  of 
'Stoneville  62'  (susceptible)  and  'Oklahoma 
141-5'  (tolerant),  but  did  not  affect  wilt  symp- 
toms of 'Seabrook'  (resistant)  (510). 
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RESEARCH  NEEDS 


By  C.  D.  Ranneyi 


At  the  meeting  of  the  Land-Grant  College  As- 
sociation in  Chicago  in  1944,  the  Southern  Ex- 
periment Station  directors  agreed  to  establish  a 
Cotton  Research  Committee  to  collect  and  sum- 
marize the  research  works  in  their  particular 
fields.  The  subcommittee  on  cotton  diseases  pre- 
sented their  report  to  the  directors  in  March 
1945.  The  last  paragraph  of  this  report  is  of 
interest  in  regard  to  research  needs  on  Verticil- 
lium  wilt: 

Some  of  the  important  problems  on  Verti- 
cillium  wilt  of  cotton  which  should  be  in- 
vestigated are:  (a)  physiological  basis  of 
wilt  resistance,  (b)  mode  of  inheritance  of 
wilt  resistance  with  emphasis  on  the  link- 
age between  wilt  tolerance  and  lateness  of 
maturity,  (c)  effects  of  nutritional  balance, 
soil  type  and  pH,  temperature,  and  moisture 
supply  (irrigation  rates,  etc.)  on  the  viru- 
lence of  the  wilt  organism,  (d)  effect  of 
crop  rotations,  green  and  stable  manure, 
and  soil  disinfectants  on  wilt  severity,  (e) 
nematode- wilt  relationship,  (f)  biological 
control  studies,  and  (g)  regional  variety 
tests. 

While  many  investigations  have  been  con- 
ducted in  regard  to  Verticillium  wilt  since  this 
report  was  made,  no  one  can  claim  that  the  re- 
search needs  cited  in  it  have  been  satisfied.  In 
1945  Verticillium  wilt  was  considered  a  minor 
disease  in  terms  of  area  involved  and  severity  of 
yield  loss.  In  the  intervening  years  the  disease 
has  progressed  more  rapidly  than  research  has 
yielded  effective  controls.  During  this  same  pe- 
riod major  advances  have  been  made  in  the  re- 
duction of  loss  to  bacterial  blight,  Fusarium  wilt, 
and  seedling  diseases.  Intensification  of  research 

1  Research  plant  pathologist  and  assistant  area  di- 
rector, Alabama-North  Mississippi  Area,  Southern  Re- 
gion, Agricultural  Research  Service,  U.S.  Department  of 
Agriculture,  Starkville,  Miss.  39759. 
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activities  in  regard  to  Verticillium  wilt  should 
now  be  a  major  goal  in  cotton  disease  research. 
The  reports  in  this  proceedings  give  an  excellent 
resume  of  research  accomplishments,  and  in 
many  cases  they  cite  specific  research  needs 
necessary  for  continued  progress.  One  of  the 
primary  needs  for  continued  progress  is  knowl- 
edge of  the  life  cycle  of  Verticillium  species. 
This  information  is  essential  to  locate  weak- 
nesses in  the  life  cycle  that  can  serve  as  targets 
for  the  development  of  effective  disease  control 
practices.  Information  on  how  the  organism  sur- 
vives and  knowledge  of  the  type  of  propagule  (s) 
that  cause  initial  infection  and  how  pathogenici- 
ty varies  in  this  propagule  are  needed  for  de- 
veloping effective  control  practices.  Studies  on 
the  survival  of  Verticillium  species  in  soil  and 
plant  residues  are  also  needed. 

Investigations  of  host-parasite  relationships, 
particularly  with  cottons  exhibiting  a  degree  of 
resistance,  are  needed  to  locate  biochemical  proc- 
esses and  specific  chemicals  associated  with  dis- 
ease resistance.  Fungal  penetration  of  the  cot- 
ton root  elicits  a  "defense  mechanism"  that  con- 
tinues and  changes  as  the  fungus  changes  and 
develops  in  the  host  tissue.  These  responses 
range  from  nonspecific  wound  or  injury  re- 
sponses to  specific  reactions  in  response  to  spe- 
cific fungal  metabolites.  Isolation  and  identifica- 
tion of  these  factors  associated  with  disease 
development  will  aid  in  designing  chemical,  cul- 
tural, and  genetic  control  measures.  Knowledge 
of  specific  products  associated  with  disease  re- 
sistance will  give  a  target  for  applying  external 
factors — chemical,  cultural,  or  biological — to 
stimulate  production  of  the  resistance  factor  in 
the  absence  of  disease. 

We  need  to  know  more  about  the  nature  of 
carbohydrate  movement  in  the  plant,  particular- 
ly to  and  from  the  root  before  and  during  flow- 
ering, and  the  relationship  of  this  movement  to 
disease  development  within  the  plant.  Informa- 


tion  on  the  nature  and  composition  of  xylem 
fluid  and  the  relationships  between  fluid  content 
and  conidia  production,  transport,  and  germina- 
tion is  also  needed. 

The  biochemical  and  nutritional  changes  as- 
sociated with  the  change  from  seed  production 
to  survival  of  the  cotton  plant  as  a  perennial 
plant  need  to  be  investigated  and  defined.  Meth- 
ods of  controlling  and  delaying  this  event  can 
help  control  disease  and  increase  yields.  Knowl- 
edge of  this  major  change  in  metabolism  of  the 
plant  should  aid  in  determining  the  association 
between  lateness  and  tolerance  to  Verticillium 
wilt.  Factors  that  promote  earliness,  or  more 
rapid  set  and  development  of  fruit,  should  be 
determined  so  that  plant  maturity  might  be 
advanced  before  the  onset  of  environmental  con- 
ditions favoring  wilt  development. 

Recent  advances  in  detecting  genetic  resist- 
ance to  disease  have  proven  that  levels  of 
resistance  to  Verticillium  wilt  are  present  in 
Gossypmm  hirsutum  L.  Locating  and  identifying 
additional  sources  of  genetic  resistance  in  G.  hir- 
sutum and  other  species  is  another  primary  re- 
search need.  Evaluations  of  the  reaction  of  va- 
rieties under  closely  controlled  inoculation  and 
environmental  conditions  should  be  continued 
and  expanded  to  locate  additional  sources  of  dis- 
ease resistance.  Combining  these  various  genetic 
sources  of  resistance  should  give  higher  levels  of 
resistance  in  Upland  cotton.  If  resistance  to 
Verticillium  species  is  controlled  by  multiple 
genes,  each  contributing  only  a  minor  degree  of 
resistance,  biochemical  tests  may  be  a  more  ef- 
fective way  of  detecting  the  presence  of  a  spe- 
cific gene  than  present  methods. 

Continued  evaluation  of  both  genetic  factors 
and  cultural  practices  that  create  environment- 
al conditions  favoring  plant  growth  and  retard- 
ing pathogen  development  in  the  host,  such  as 
increasing  soil  and  main-stem  temperature,  is 


needed.  Plant  density  and  spacing,  leaf  type,  bed 
shape  and  height,  and  plant  types  should  be 
evaluated  in  terms  of  their  influence  on  soil 
temperature  and  water  utilization.  Additional 
studies  on  nitrogen  sources,  rates,  and  time  of 
application  are  needed  to  determine  the  effect  on 
pathogen  survival,  infection,  and  development 
within  the  plant.  Research  has  indicated  that 
other  nutrient  elements,  particularly  potassium 
and  minor  elements,  can  affect  disease  incidence 
and  severity,  and  the  role  of  these  elements  needs 
additional  work. 

Agronomic  research  on  reducing  losses  from 
Verticillium  wilt  needs  to  increase.  It  should  in- 
clude cooperative  research  with  scientists  having 
expertise  in  other  crops.  The  effect  of  cropping 
systems  on  pathogen  survival  needs  to  be  deter- 
mined, especially  long-term  cropping  sequences 
and  cultural  practices.  Of  particular  need  is 
evaluation  of  current  varieties  on  wilt-infested 
land  to  determine  the  better  adapted,  tolerant 
cottons  in  specific  production  areas. 

Plant  diseases  are  no  longer  special  problems 
for  only  the  scientist  disciplined  in  plant  path- 
ology. Progress  at  this  conference  has  been  re- 
ported by  chemists  identifying  specific  plant 
constituents.  Biochemists  and  plant  physiolo- 
gists have  significantly  contributed  to  our 
knowledge  of  the  host-parasite  relationship.  Ge- 
neticists have  defined  heritable  attributes  of 
both  parasite  and  host,  and  agronomists  have 
continued  to  develop  and  evaluate  production 
practices  and  techniques  that  reduce  disease 
losses  due  to  Verticillium  wilt.  Continued  prog- 
ress on  control  of  this  major  cotton  disease  will 
be  made  only  when  all  these  disciplines  focus  and 
act  upon  this  disease.  There  is  both  the  need  and 
opportunity  for  all  disciplines  to  contribute 
jointly  to  placing  Verticillium  wilt  on  the  list  of 
controllable  cotton  diseases. 
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